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4. INTRODUCTION (Subject, Purpose, Scope of the Research):

The clinical manifestations of viral injury result from the capacity of viruses to
damage or kill cells in different organs (19). Two distinct patterns of cell death, necrosis
and apoptosis, have been recognized and can be distinguished based on a variety of
morphological criteria. Apoptotic cell death is characterized by diminution in cell size,
membrane blebbing, and compaction, margination and fragmentation of nuclear DNA
(4). DNA fragmentation occurs predominantly at internucleosomal regions resulting in
the generation of pathognomonic DNA 'ladders' when DNA from apoptotic cells is
subjected to agarose gel electrophoresis (6). The subject and purpose of this research -
project is to study the cellular mechanisms by which viruses induce apoptotic cell death.

This represents the second annual progress report on this research project. Since
submission of our first annual progress report (reporting period 8-15-98 to 8-14-99) we
have had four additional papers published or accepted for publication by the Journal of
Virology and one additional paper currently undergoing review (see Reportable
Outcomes). In accordance with the format requirements for preparing this progress report,
we have included all these publications in an appendix, have briefly summarized their key
points in the text (see Research Accomplishments) with detailed references to particular
figures in individual papers. Accomplishments are reviewed below and keyed to the

specific aims as outlined in the original research application.




5. RESEARCH ACCOMPLISHMENTS
(Keyed to individual specific aims in the original Statement of Work)
Specific Aim 1: Is apoptosis a general feature of human viral encephalitis?

In an initial survey of over 3000 autopsies performed at the University of
Colorado Health Sciences Center (UCHSC) and affiliated institutions we identified
thirteen cases of cytomegalovirus encephalitis (predominantly in HIV-infected
individuals), six cases of varicella zoster virus encephalitis (VZVE), six cases of
progressive multifocal leukoencephalopathy, six cases of viral encephalitis without an
identified etiologic agent, four cases of herpes simplex virus encephalitis (HSVE), and
individual cases of Epstein-Barr virus and parainfluenza virus encephalitis. As suggested
by the reviewers in their annual report review (11-30-99) following submission of our
first annual progress report, we have “limited the number of samples to be examined” and
restricted the scope of this aim to, “focus initially on a single disease entity.” We are in
the process of examining the subset of our cases with herpes simplex encephalitis. We
have performed preliminary TUNEL staining on tissue blocks frmﬁ this subset of cases.
Given the reviewers feeling that this aim represented the “weakest area of the initial
submission,” we have cohtinued the shift in priority and emphasis towards aims 2 and 3

(as outlined in our initial progress report and supported by the reviewers).

Specific Aim 2: Is the ceramide-sphingomyelin pathway involved in reovirus-
induced apoptosis? We have made substantial progress in accomplishing the goals of
this specific aim. Since our last annual report, three additional papers have been

published or are in press in the Journal of Virology (Connolly et al., 2000; Clarke et al.,




2000; DeBiasi et al., 2000) with a fourth paper (referred to as Kominsky et al., 2000)
currently undergoing review (copies of all published, in press, and submitted papers are
included in the appendix). Unless otherwise noted, figures referred to in the text are from
these papers. We have shown that reovirus infection of HeLa cells (and a variety of other
cell.types) is associated with a dramatic increase in NF-xB activity in infected cells as
measured both with luciferase reporter assays and using electrophoretic mobility shift
assays (EMSAs)(Connolly et al., 2000, Fig.2 and Fig.3). This activity reaches a
maximum at 12 hrs post-infection (Connolly et al., 2000, Fig.2) in EMSAs, and at 18 hrs
post-infection (Connolly et al., 2000, Fig.3).

The inactive form of NF-xB is complexed in the cytoplasm with its inhibitor IxB (see
(2) for review). Phosphorylation of IxB on two N-terminal serine residues marks the
protein for ubiquitination and subsequent degradation in proteosomes. Degfadation of
IxB unmasks a nuclear localization signal (NLS) on NFxB, which subsequently
translocates to the nucleus where it interacts to activate franscription of genes containing
specific NFkB-responsive promoter elements.

We have generated HeLa cells over-expressing a dominant-negative form of IxB
(in which the first 36 N-terminal amino acids, encompassing the two serine
phosphorylation sites have been deleted)(IkBa-AN2 cells). NF«B is not activated in these
cells in response to reovirus infection and apoptosis is markedly inhibited (Connolly et
al., 2000, Fig. 5A). Similar results have been obtained in both HEK293 and MDCK cells
over-expressing a dominant negative form of IxB in which the N-terminal serine
phosphorylation sites have been mutated to alanines (data not shown). The results

obtained using the luciferase-reporter assay have been confirmed by EMSAs (data not




shown). As additional evidence for the importance of NF-xB activation in reovirus-
induced apoptosis, we have also shown that treatment of HeLa cells with a synthetic
inhibitor of proteosome function (Z-L,VS), and of NF-kB activation, also inhibits
reovirus-induced apoptosis (Connolly et al., 2000, Fig. 4). Reovirus infection induces
apoptosis in wild-type mouse embryo fibroblasts (MEFs), but this is virtually eliminated
in immortalized MEFs derived from mice with knockout mutations involving either the
p50 (p50 -/-) or p65 (p65 -/-) subunits of the NF-xB complex (Connolly et al., 2000, Fig.
6,7). Thus, reovirus-induced apoptosis requires the activation of NFxB and can be
blocked by inhibition of NF«B.

Having shown that reovirus apoptosis required NF«B activation, we next wished
to identify which apoptosis-associated genes were involved in this process. Preliminary
studies utilizing ribonuclease protection assays (RPAs) indicated that reovirus infection
was associated with a selective increase in the level of mRNAs encoding the cell death
receptor DR4 and its apoptosis-inducing ligand TRAIL (TNF-related apoptosis inducing
ligand) (see (1) for general review of death receptors, and (8,9,12,21) for specific review
of DR4, DRS5, and TRAIL). mRNAS of other TNF receptor superfamily death receptors
were not increased in infected cells. mRNA levels for another TRAIL-related death
receptor, DR5, were found to be constitutively expressed in reovirus-infected cells, but
immunoblots showed a clear increase in the amount of mature DRS5 protein in infected
cells (Clarke et al., 2000, Fig. 3).

In order to determine whether the DR4/DR5/TRAIL system was involved in reovirus-
induced apoptosis we examined the effects of treating cells with polyclonal anti-TRAIL

antibodies. Anti-TRAIL antibodies, but not antibodies directed against other TNF-




receptor superfamily ligands (e.g. TNF, FasL) inhibited apoptosis in reovirus-infected
HEK?293 cells and mouse 1.929 fibroblasts (Clarke et al., 2000, Fig. 1). In order to
confirm these results, cells were also pre-treated with soluble forms of the DR4 and DR5
receptor. These soluble receptors bind TRAIL, and inhibit its binding to functional cell-
surface receptors. Pre-treatment of cells with soluble DR4 and DRS5 receptors, but not
with soluble TNF-receptor, inhibited reovirus apoptosis in a dose-dependent manner
(Clarke et al., 2000, Fig.1).

Interaction of an activating ligand with a death receptor results in oligomerization
of receptors. This allows cytoplasmic death domains (DDs) of these receptors to interact
(1). Apposition of these DDs is followed by their interaction with adapter proteins
(exemplified by TNF Receptor associated death domain protein, TRADD and Fas
associated death domain protein, FADD)(see (3,13) for role of FADD in TRAIL-
mediated apoptosis). These proteins contain death effector domain (DED) sequences that
interact with initiator caspases (e.g. caspase-8). Initiator caspases in turn interact with
other caspases in an ordered cascade that leads ultimately to the activation of effector
caspases (e.g. caspase 3) and apoptosis (see (18) for review). Additional proteases,
including the calcium-activated neutral protease, calpain, may also be involved in this
process (15-17).

We have begun to characterize the pathway leading from death domain receptor
activation to apoptosis. Reovirus-induced apoptosis requires a FADD-like adapter
protein, and can be inhibited by over-expression of a dominant-negative form of FADD
(Clarke et al., 2000, Fig. 5). The caspase cascade for death-receptor triggered apoptosis is

initiated by the activation of caspase-8, following its interaction with FADD. We have




also shown that a cell permeable peptide inhibitor of caspase-8 (z-IETD-FMK) inhibits
reovirus-induced apoptosis (Clarke et al., 2000, Fig. 5).

We have recently begun a detailed evaluation of the caspase cascades activated
following reovirus infection. A paper describing this work is currently under review by
the Journal of Virology (referréd to subsequently as Kominsky et al., 2000, copy in
appendix). We have shown using fluorigenic substrate assays, Western immunoblots, and
caspase-3 specific substrate cleavage assays that reovirus-infection is associated with
activation of caspase-3 (Kominsky et al., 2000, Fig. 1, 2). Caspase-3 is an effector
caspase that forms part of the “final common pathway” following activation of caspase
cascades by a variety of mechanisms. Having shown that caspase-3 was activated we
then proceeded to exam the death-receptor initiated pathway of caspase activation (see
above). We had previously shown (Clarke et al, 2000, Fig. 5) that pre-treatment of cells
with a cell-permeable specific inhibitor of caspase-8 (z-IETD-FMK) inhibited reovirus-
induced apoptosis. We extended these observations by showing that caspase-8 was
activated in infected cells as documented by immunoblots showing the activity-associated
disappearance of the caspase-8 zymogen band (Kominsky et al., 2000. Fig. 3). Inhibition
of caspase-8 activation by pre-treatment of cells with the cell permeable caspase-8
inhibitor z-IETD-FMK, resulted in inhibition of activation of caspase-3 (Kominsky et al.,
2000, Fig. 4). This indicated that caspase-8 activation was upstream of caspase-3
activation.

We have previously shown that over-expression of the anti-apoptotic protein Bcl-
2 in MDCK cells inhibits reovirus-induced apoptosis (10). Although Bcl-2 may exert its

anti-apoptotic actions through a variety of mechanisms, one of the best established of
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these involves its capacity to inhibit release of cytochrome ¢ into the cytoplasm from
mitochondria. Cytoplasmic cytochrome c can interact with the protein Apaf-1 and ATP to
form a complex that activates caspase cascades beginning with the initiator caspase,
caspase-9. In order to determine whether mitochondrial apoptosis pathways were
activated following reovirus infection, we performed immunoblots using cytochrome ¢
specific antisera on cytoplasmic fractions from reovirus-infected cells. Reovirus-infection
is associated with cytochrome c release as early as 6 hrs post-infection (Kominsky et al.,
2000, Fig. 5). Cytochrome c oxidase (subunit II) was not detected in cytoplasmic
fractions containing cytochrome c. (Cytochrome c¢ oxidase is present in mitochondria, but
unlike cytochrome c is not released into cytoplasm, and can therefore be used to detect
inadvertent contamination of cytoplasmic fractions with mitochondrial proteins.).
Following release of cytochrome c into the cytoplasm in reovirus-infected cells, the
initiator caspase, caspase 9 is activated. This activation can be detected by immunoblots
showing cleavage of the ~46 kD caspase-9 proenzyme into its ~37 kD active form
(Kominsky et al., 2000, Fig. 6). Pre-treatment of reovirus-infected cells with a cell
permeable specific peptide inhibitor of caspase-9 (z-LEHD-FMK) resulted in inhibition
of caspase-3 activation (Kominsky et al., 2000, Fig. 7). This result indicates that caspase-
9, like caspase-8, is involved in the activation of the effector caspase, caspase-3. These
studies provide clear evidence that both death receptor-initiated and mitochondrially-
initiated pathways of apoptosis are active in reovirus-infected cells. Experiments are
currently underway to determine the inter-relationships between these two pathways.
Recent studies suggest that a third pathway of caspase activation (distinct from both the

death receptor and mitochondrially activated pathways) may also exist; In this pathway,
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“stress” induced by either the accumulation of proteins or the presence of malfolded
proteins in the Golgi and endoplasmic reticulum (ER) may trigger the activation of
caspase cascades initiated by the activation of caspases 2, and 12. We are currently
investigating whether markers of Golgi/ER stress can be detected in reovirus-infected
cells

In previously published work, supported by this grant, we have shown that calpain
is activated following reovirus infection and that inhibition of this activation with either
active site or calcium-binding site inhibitors of calpain will inhibit reovirus apoptosis in
vitro (5). We have extended these studies by testing calpain inhibitors for their capacity to
inhibit reovirus-induced apoptosis in a murine model (DeBiasi et al., 2000). We have
shown that myocarditis induced in mice following intramuscular injection of reovirus
strain 8B is due to apoptosis. Hearts from reovirus-infected mice showed morphological
changes consistent with apoptosis, TUNEL+ staining of myocardiocytes, and a laddering
pattern of fragmentation of DNA (extracted from whole hearts) (DeBiasi et al, 2000, Fig.
1, 2). Treatment of mice with CTX295, a calpain inhibitor, resulted in dramatic reduction
in morphological evidence of cardiac pathology, reduction in serum levels of cardiac-
specific enzymes (a marker of the severity of cardiac injury), and marked inhibition in
apoptosis (as demonstrated by reduction in TUNEL staining) (DeBiasi et al., Fig. 5,6,7).

Similar results were also seen in primary myocardiocyte cultures.

Specific Aim 3: Is reovirus apoptosis associated with aberrant regulation of cell

cycle progression and does this dysregulation occur in post-mitotic neurons?




12

In the original statement of work we anticipated that the major work on this aim
would not occur until years 3 and 4 of the grant. We have continued to make earlier than
anticipated progress in this area. A paper describing this work is in press in the Journal of
Virology (Poggioli et al., 2000) (attached), and a second manuscript is being prepared for
submission. —

Reovirus infection is associated with an inhibition of cellular proliferation
(7,11,14,20), and different strains of virus differ in this capacity (14,20) (Poggioli et al.,
2000, Fig. 1). We have used flow cytometry to analyze DNA content in infected cells
permeabilized and stained with propidium iodine. These studies indicate that reovirus
strains that inhibit cellular proliferation cause a progressive accumulation of cells in the
G2M phase of the cell cycle (Poggioli et al., 2000, Fig. 2), and that this occurs in a dose-
dependent manner (Poggioli et al., 2000, Fig. 3). Mixing experiments involving co-
infection of cells with G2M arrest inducing and non-inducing reovirus strains indicate
that the arrest phenotype is dominant (Poggioli et al., 2000 Fig. 5). Studies using
reassortant viruses containing different combinations of genes derived from the G2ZM
arrest-inducing T3D and non-inducing T1L viral strains indicate that the viral S1 gene is
the primary determinant of this process (Poggioli et al., 2000, Table 1).

The S1 gene is bicistronic, encoding two non-homologous viral proteins (c1, c1s)
from over-lapping but out-of-sequence open reading frames (ORFs). We have tested the
capacity of a mutant virus (T3C84-MA) that contains o1, but lacks c1s, to induce G2ZM
arrest. T3C84-MA contains a mutation that introduces a premature stop codon in the c1s

OREF, but still encodes a full-length o1 protein. This virus, although still able to grow in

infected cells and induce apoptosis as well as its wild-type (c1s+) parent (T3C84), fails to
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induce G2M arrest (Poggioli et al., 2000, Fig. 6). This suggests that the c1s protein is
necessary for reovirus-induced G2M arrest, and provides the first evidence for a
biological function for this viral protein. C127 cells expressing o1s under the control of a
cadmium inducible promoter, show an increased accumulation of cells in G2M phase of
the cell cycle following cadmium treatment when compared to either non-induced cells or
to cadmium treated C127 cells containing a control plasmid lacking o1s (Poggioli et al.,
2000, Fig. 7).

We have previously shown that the capacity of reoviruses to inhibit cellular
proliferation and to induce apoptosis are closely associated (20). This suggested three
possible models: (1) apoptosis and G2M arrest are triggered by the same events during
viral infection, but represent parallel rather than sequential pathways, (2) apoptosis, with
the associated disrupﬁon in DNA integrity and structure, results in G2M arrest, (3)
aberrant cell cycle regulatory signals result in induction of apoptosis. We have now tested
the capacity of several inhibitors of reovirus-induced apoptosis to also inhibit reovirus-
induced G2M arrest. Inhibition of calpain activation, blockade of caspase-3 activation,
inhibition of TRAIL binding to DR4/DRS5, and inhibition of NF-xB activation all inhibit
reovirus-induced apoptosis, yet none of these interventions prevents virus-induced G2M
arrest in susceptible cells (Poggioli et al., 2000, Fig. 8). These results clearly indicate that
reovirus-induced perturbation of cell cycle regulation is not simply the result of DNA
damage occurring during apoptosis. We are currently trying to distinguish between the
two remaining hypotheses (parallel rather than sequential pathways, and cell cycle

perturbation resulting in induction of apoptosis).
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KEY RESEARCH ACCOMPLISHMENTS

*Reovirus infection is associated with activation of the nuclear transcriptional activation
factor, NFxB. NF-«B is translocated to the nucleus in infected cells, and is capable of
inducing expression of genes containing NF-kB responsive promoter elements.
*Reovirus-induced apoptosis is inhibited in (_:ells in which reovirus-induced NFxB
activation is inhibited or prevented: (1) by over-expression of dominant negative forms of
its cytoplasmic inhibitor IxB, (2) by treatment of cells with proteosome inhibitors or, (3)
in cells lacking the p50 or p65 NF-kB subunits as a result of gene knockouts.
*Reovirus-induced NFxB activation results in selective up-regulation of mRNA levels of
the TNF superfamily death receptor DR4 and enhanced expression of mature DR5
protein.

*Reovirus-induced apoptosis is specifically inhibited by antibodies directed against
TRAIL, the ligand for death receptors DR4 and DRS, but not by antibodies against TNF
or FasL. Apoptosis is also specifically inhibited by soluble DR4 or DRS5 receptor, but not
by soluble TNF-receptor.

*Reovirus infection is associated with activation of caspase cascades in infected cells.
This activation involves both cell death receptor associated and mitochondrial pathways
of cell death. Both caspase-8, the initiator caspase for death-receptor mediated caspase
cascades, and caspase-9, the initiator caspase for mitochondrially initiated caspase
cascades, are activated in reovirus-infected cells. Inhibition of activation of either
caspase-8 or caspase-9 inhibits reovirus-induced apoptosis. Caspase-3 is also activated in
reovirus-infected cells, and appears to act as a key effector caspase for both the death-

receptor and mitochondrial pathways.
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*Reovirus induces apoptosis in the heart following infection of mice with strain 8B. This
is associated with activation of calpain in the heart, and can be inhibited by in vivo
treatment of infected mice with calpain inhibitor.

*Reovirus-induced inhibition of cellular proliferation is associated with arrest of cells in
the G2M phase of the cell cycle.

*The reovirus S1 gene is the primary determinant of differences in the capacity of
reovirus strains to induce G2M arrest.

* The reovirus o1s protein, which is encoded by the S1 gene, is necessary for reovirus-
induced G2M arrest, and over-expression of this protein in susceptible cells results in
increased accumulation of cells in the G2M phase of the cell cycle.

* Although the capacity of reovirus strains to induce apoptosis and G2M are closely
associated, apoptosis can be inhibited without preventing the capacity of reoviruses to
induce G2M arrest, indicating that G2M arrest is not simply the result of apoptosis-

associated cellular DNA damage.

REPORTABLE OUTCOMES (Since last report only)

Manuscripts:
Clarke P, Meintzer SM, Gibson S, Widmann C, Garrington TP, Johnson GL, Tyler KL.

Reovirus-induced apoptosis is mediated by TRAIL. J. Virol. 74:8135-8139, 2000.

Connolly JL, Rodgers SE, Clarke P, Ballard DW, Kerr LD, Tyler KL, Dermody TS.
Reovirus-induced apoptosis requires activation of transcription factor NF-«B. J. Virol.

74:2981-2989, 2000.
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DeBiasi RL, Edelstein CL, Sherry B, Tyler KL. Calpain inhibition protects against virus-

induced apoptotic myocardial injury. J. Virol. (JVI#961-00, in press), 2000.

Kominsky DJ, Bickel RJ, Meintzer SM, Clarke P, Tyler KL. Reovirus-induced apoptosis
involves both death receptor- and mitochondrial-mediated caspase-dependent pathways

of cell death. J. Virol. (submitted), 2000.

Poggioli GJ, Keefer C, Connolly JL, Dermody TS, Tyler KL. Reovirus-induced G2M

arrest requires o1s and occurs in the absence of apoptosis. J. Virol. 74: (in press), 2000.

Abstracts (All presented at platform sessions of the indicated meetings):
Clarke P, Meintzer S, Johnson GL, Tyler KL. MEKK1 and NIK contribute to the
activation of NF-kB in reovirus-infected cells via IKK. 19® Annual Meeting of the

American Society for Virology, Fort Collins, CO, July 8-12, 2000.

Kominsky D, Clarke P, Tyler KL. Reovirus induces apoptosis through a caspase-9
dependent pathway. 19" Annual Meeting of the American Society for Virology, Fort

Collins, CO, July 8-12, 2000.

Turner B, Clarke P, Johnson GL, Tyler KL. TRAIL mediates reovirus-induced apoptosis
in cancer cell lines. 19® Annual Meeting of the American Society for Virology, Fort

Collins, CO, July 8-12, 2000.
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Tyler KL, Clarke P, Gibson SB, Widmann C, Johnson GL. NF«B-regulated expression of
cell death receptors DR4, DRS and their ligand TRAIL mediates viral apoptosis. 52nd
Annual Meeting of the American Academy of Neurology, San Diego, CA, April 29-May

6, 2000.

Selected Invited Presentations (Kenneth L. Tyler, M.D.)
Department of Virology, Institut Pasteur, Paris, France
Mechanisms of virus-induced apoptosis in vitro and in vivo: insights from the reovirus

system. (June, 2000)

4" semi-annual Federation of American Societies for Experimental Biology (FASEB)

Conference on Microbial Pathogenesis. Snowmass, CO. Mechanisms of reovirus-induced

apoptosis (August, 2000).

3™ International Symposium on Neurovirology. San Francisco, CA. Cellular mechanisms
of virus-induced apoptosis: Role of the TRAIL/DR4/DRS death receptor system

(September, 2000).

CONCLUSIONS

The work completed during the first two years of this research project has lead to
the identification of the linkage between reovirus induced apoptosis and activation of the
nuclear transcription factor, NFkB. Reovirus-induced apoptosis has also been shown to

involve the TNF receptor superfamily of cell surface death receptors, specifically death
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receptors 4 and 5 and their ligand, TRAIL. Reovirus infection induces the activation of
caspase cascades, including initiator caspases associated with both the mitochondrial (e.g.
caspase-9) and death-receptor mediated (e.g. caspase-8) pathways of cell death. Inhibition
of the activation of NF-xB, blocking the interaction of TRAIL with its cell surface
receptors, or inhibiting the subsequent activation of caspase cascades have all been shown
to inhibit reovirus-induced apoptosis in vitro. In an effort to demonstrate the feasibility of
anti-apoptotic strategies for the treatment of virus-induced disease in vivo, we have
shown, in a murine model of reovirus-induced myocarditis, that inhibition of virus-
induced calpain activation can prevent virus-induced apoptotic tissue injury in the heart.
This suggests that inhibition of apoptosis may provide a novel strategy for the treatment
of certain viral diseases.

We have identified the phase in the cell cycle (G2M) at which reoviruses induce
inhibition of cellular proliferation in susceptible cells, and have shown that this process is
not simply the result of apoptosis-induced damage to cellular DNA. We have shown that
the reovirus S1 gene is the major determinant both of differences in the capacity of
reovirus strains to induce apoptosis and their capacity to induce G2M cell cycle arrest.
However, two distinct, non-homologous, S1-encoded proteins are involved in these two
events. The reovirus o1s protein is not required for virus-induced apoptosis, but is

necessary for virus-induced G2M cell cycle arrest.




19

REFERENCES

1. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science

1998;281:1305-8.

2. Baeurle PA, Baltimore D. NF-(kappa)B: Ten years after. Cell 1996;87:13-20.

3. Chaudhary PM, Eby M, Jasmin A, Bookwalter A, Murray J, Hood L. Death

receptor 5, a new member of the TNFR family, and DR4 induce FADD-
dependent apoptosis and activate the NF-xB pathway. Immunity

1997;7:821-30.

4. Cohen JJ. Apoptosis. Immunol Today 1993;14:126-30.

5. Debiasi RL, Squier MKT, Pike B, Wynes M, Dermody TS, Cohen JJ, Tyler KL.
Reovirus-induced apoptosis is preceded by increased cellular calpain

activity and is blocked by calpain inhibitors. J Virol 1998;73:695-701.

6. Duke RC, Cohen JJ. Morphological and biochemical assays of apoptosis. In:
Coligan JE, editors. Current protocols in immunology. NY: Wiley; 1992; p.

3.17.1-3.17.16

7. Gaulton GN, Greene MI. Inhibition of cellular DNA synthesis by reovirus occurs
through a receptor-linked signaling pathway that is mimicked by

antiidiotypic, antireceptor antibody. J Exp Med 1989;169:197-211.




10.

11.

12.

13.

14.

20

Pan G, Ni J, Wei Y-F, Yu G-L, Gentz R, Dixit VM. An antagonist decoy receptor
and a death domain-containing receptor for TRAIL. Science

1997;277:815821

Pan G, O'Rourke K, Chinnaiyan AM, Geintz R, Ebner R, Ni J, Dixit VM. The

receptor for the cytotoxic ligand TRAIL. Science 1997;276:111-3.

Rodgers SE, Barton ES, Oberhaus SM, Pike B, Gibson CA, Tyler KL, Dermody
TS. Reovirus-induced apoptosis of MDCK cells is not linked to viral yield

and is blocked by Bcl-2. J Virol 1997;71:2540-6.

Saragovi HU, Bhandoola A, Lemercier MM, Akbar GKM, Greene MI. A receptor
that subserves reovirus binding can inhibit lymphocyte proliferation

triggered by mitotic signals. DNA Cell Biol 1995;14:653-64.

Schneider P, Bodmer J-L, Thome M, Hofmann K, Holler N, Tschopp J.

Characterization of two receptors for TRAIL. FEBS Letters 1997;416:329-

34.

Schneider P, Thome M, Burns K, Bodmer J-L, Hofmann K, Kataoka T, Holler N,
Tschopp J. TRAIL receptors 1 (DR4) and 2 (DRS) signal FADD-dependent

apoptosis and activate NFkB. Immunity 1997;7:831-6.

Sharpe AH, Fields BN. Reovirus inhibition of cellular DNA synthesis: role of the

S1 gene. J Virol 1981;38:389-92.




15.

16.

17.

18.

19.

21

Squier MKT, Cohen JJ. Calpain and cell death. Death and Differentiation

1996;3:275-83.

Squier MKT, Cohen JJ. Calpain, an upstream regulator of thymocyte apoptosis. J

Immunol 1997;158:3690-7.

Squier MKT, Miller ACK, Malkinson AM, Cohen JJ. Calpain activation in

apoptosis. J Cell Physiol 1994;159:229-37.
Thornberry NA, Lazebnik Y. Caspases: enemies within. Science 1998;281:1312-6.

Tyler KL, Nathanson N. Pathogenesis of viral infections. In: Knipe DM, Howley

PM, editors. Fields Virology. 4th ed. Philadelphia: Lippincott-Raven; 1999,

20.Tyler KL, Squier MKT, Brown AL, Pike B, Willis D, Oberhaus SM, Dermody TS,

21.

Cohen JJ. Linkage between reovirus-induced apoptosis and inhibition of cellular

DNA synthesis: Role of the S1 and M2 genes. J Virol 1996;70:7984-7991.

Walczak H, Degli-Esposti MA, Johnson RS, Smolak P, Waugh J, Boiani N, Timour

MS, Gerhart MJ, Schooley KA, Smith CA, et al. TRAIL-R2: a novel apoptosis-

mediating receptor for TRAIL. EMBO J 1997;16:5386-97.




JOURNAL OF VIVROLOGY, Apf. 2000, p. 2981-2989 Vol. 74, No. 7
0022-538X/00/$04.00+0

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Reovirus-Induced Apoptosis Requires Activation of
. Transcription Factor NF-«xB

" JODI L. CONNOLLY,"* STEVEN E. RODGERS,"? PENNY CLARKE,®> DEAN W. BALLARD,!
LAWRENCE D. KERR,"* KENNETH L. TYLER,*>>%7# axp TERENCE S. DERMODY2%*

Departments of Microbiology and Immunology,* Cell Biology,* and Pediatrics® and Elizabeth B. Lamb Center for
Pediatric Research,® Vanderbilt University School of Medicine, Nashville, Tennessee 37232, and Departments of
Neurology,® Medicine,® Microbiology,® and Immunology,” University of Colorado Health Sciences Center,
and Neurology Service, Denver Veterans Affairs Medical Center,® Denver, Colorado 80220

Received 5 October 1999/Accepted 29 December 1999

Reovirus infection induces apoptosis in cultured cells and in vivo. To identify host cell factors that mediate
this response, we investigated whether reovirus infection alters the activation state of the transcription factor
nuclear factor kappa B (NF-kB). As determined in electrophoretic mobility shift assays, reovirus infection of
HeLa cells leads to nuclear translocation of NF-kB complexes containing Rel family members p50 and p65.
Reovirus-induced activation of NF-xB DNA-binding activity correlated with the onset of NF-kB-directed
transcription in reporter gene assays. Three independent lines of evidence indicate that this functional form
of NF-kB is required for reovirus-induced apoptosis. First, treatment of reovirus-infected HeLa cells with a
proteasome inhibitor prevents NF-«B activation following infection and substantially diminishes reovirus-
induced apoptosis. Second, transient expression of a dominant-negative form of IxB that constitutively
represses NF-kB activation significantly reduces levels of apoptosis triggered by reovirus infection. Third,
mutant cell lines deficient for either the p50 or p65 subunits of NF-kB are resistant to reovirus-induced
apoptosis compared with cells expressing an intact NF-kB signaling pathway. These findings indicate that
NF-«B plays a significant role in the mechanism by which reovirus induces apoptosis in susceptible host cells.

Many viruses are capable of inducing programmed cell
death, which results in apoptosis of infected cells (43, 45, 52,
60). Apoptotic cell death is characterized by cell shrinkage,
membrane blebbing, condensation of nuclear chromatin, and
activation of endogenous endonucleases. These changes occur
according to developmental programs or in response to certain
environmental stimuli (2, 43, 52, 71). In some cases, apoptosis
triggered by virus infection appears to serve as a host defense
mechanism to limit viral replication or spread. This defense
mechanism is mediated either directly by self-destruction of
the host cell prior to completion of viral replication or indi-
rectly through recognition of the infected cell by cytotoxic T
lymphocytes (43, 52). In other cases, induction of apoptosis
may enhance viral infection by facilitating virus spread or al-
lowing the virus to evade host inflammatory or immune re-
sponses (20, 43, 60). For some viruses, cellular factors operant
during apoptosis may function to increase the production of
viral progeny (45, 52).

Mammalian reoviruses have served as useful models for
studies of viral pathogenesis. Reoviruses are nonenveloped
icosahedral viruses with a genome consisting of 10 double-
stranded RNA gene segments (reviewed in reference 41). Af-
ter infection of newborn mice, reoviruses are highly virulent,
inducing injury to a variety of host organs including the central
nervous system, heart, and liver (reviewed in reference 62). In
both cultured cells (46, 63) and the murine central nervous
system (42) and heart (R. DeBiasi, B. Sherry, and K. Tyler,
Abstr. Am. Soc. Virol. 18th Annu. Meet., abstr. 52-1, p. 152,
1999), reoviruses induce the morphological and biochemical
features of apoptosis.
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Insight into the mechanisms by which reoviruses trigger
apoptosis has emerged from studies of viral prototype strains
that vary in their capacity to elicit this cellular response. Reo-
virus strains type 3 Abney and type 3 Dearing (T3D) induce
apoptosis in cultured cells to a substantially greater extent than
does strain type 1 Lang (46, 63). Differences in the capacity of
these strains to induce apoptosis are determined by the viral S1
gene (46, 63), which encodes two proteins, attachment protein
o1 and nonstructural protein ols (25, 31, 50). Reovirus ols-
null mutant T3C84-MA induces apoptosis with an efficiency
equivalent to its ols-expressing parental strain, T3C84 (47),
which indicates that the ol protein is the S1 gene product
responsible for mediating differences in the efficiency with
which reovirus strains induce apoptosis. Therefore, these stud-
ies suggest that apoptosis induced by reovirus is triggered by a
signaling pathway initiated by early steps in the virus replica-
tion cycle.

The nuclear factor kappa B (NF-kB) family of transcription
factors plays a key role in the regulation of cell growth and
survival. The prototypical form of NF-kB exists as a hetero-
dimer of proteins p50 and p65 (RelA) (4, 27). In quiescent
cells, NF-«B is sequestered in the cytoplasm by the IxB family
of inhibitory proteins (3, 66). Following exposure of cells to a
variety of stimuli (including tumor necrosis factor alpha [TNF-
a], interleukin-1, and lipopolysaccharide), activation of NF-xB
is accomplished by a mechanism involving site-specific phos-
phorylation, ubiquitination, and proteasomal degradation of
IkB (11, 12, 17, 61). Release of IkB reveals a nuclear localiza-
tion signal on NF-kB, which allows NF-kB to translocate to the
nucleus (7), where it serves as a transcriptional regulator (re-
viewed in references 38 and 66). In systems in which NF-kB is
activated during induction of apoptosis, NF-kB can either pre-
vent (6, 35, 65, 69) or potentiate (1, 29, 32, 34) apoptosis.

We conducted experiments to investigate the role of NF-kB
in reovirus-induced apoptosis. We show that NF-«kB complexes
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are activated in HeLa cells in response to reovirus infection
and that these complexes contain both p50 and p65. Using two
independent methods to block NF-«B activation following re-
ovirus infection, we demonstrate that reovirus-induced apopto-
sis requires NF-«B. Furthermore, reovirus-induced apoptosis
is inhibited in cells deficient in expression of either p50 or p65.
These results provide strong evidence that reovirus activates
NF-xB and that NF-xB activation is required for apoptosis
induced by reovirus infection.

MATERIALS AND METHODS

Cells and viruses. Murine 1929 (L) cells were maintained as previously de-
scribed (47). pS0+/+, p50—/—, p65+/+, and p65—/— immortalized fibroblasts
were obtained from David Baltimore, California Institute of Technology, Pasa-
dena, Calif. HeLa, p50+/+, p50—/—, p65+/+, and p65—/— cells were grown in
Dulbecco’s modified Eagle’s medium (Gibco BRL, Gaithersburg, Md.) supple-
mented to contain 10% fetal bovine serum (Intergen, Purchase, N.Y.), 2 mM
L-glutamine, 100 U of penicillin per ml, 100 pg of streptomycin per ml (Sigma
Chemical Co., St. Louis, Mo.), and 0.25 pg of amphotericin B per ml (Irvine
Scientific, Santa Ana, Calif.).

Reovirus strain T3D is a laboratory stock. Purified virion preparations were
made as previously described using second-passage L-cell lysate stocks of twice-
plaque-purified reovirus (26). Concentrations of virions in purified preparations
were determined from the equivalence 1 optical density at 260 nm unit = 2.1 X
10'2 virions per ml (54).

Quantitation of reovirus growth. Cells grown in 24-well tissue culture plates
(Costar, Cambridge, Mass.) were infected with T3D at a multiplicity of infection
(MOI) of 1 PFU per cell. After viral adsorption for 1 h, the inoculum was
removed, 1.0 ml of fresh medium was added, and the cells were incubated at 37°C
for various intervals. After incubation, cells and culture medium were frozen
(—70°C) and thawed twice, and viral titers in cell lysates were determined by
plaque assay using L-cell monolayers (67).

Quantitation of apoptosis by acridine orange staining. Cells grown in 24-well
tissue culture plates were treated with 20 ng of human recombinant TNF-a
(Sigma) per ml or infected with T3D at an MOI of 100 PFU per cell. This MOI
was chosen to produce a synchronous infection and to ensure maximum levels of
apoptosis. The percentage of apoptotic cells was determined using acridine
orange staining as previously described (23, 46, 63). The cell culture medium was
removed, and the cells were incubated with trypsin-EDTA (Irvine Scientific).
The cell culture medium and trypsinized cells were combined and centrifuged.
The cell pellet was resuspended in 200 pl of phosphate-buffered saline and
stained using 10 pl of a solution containing 100 wg of acridine orange (Sigma)
per ml and 100 pg of ethidium bromide (Sigma) per ml. For each experiment,
200 to 300 cells were counted and the percentage of cells exhibiting condensed
chromatin was determined by epi-illumination fluorescence microscopy using a
fluorescein filter set (Photomicroscope III; Zeiss, Oberkochen, Germany).

EMSA. Cells grown in 75-cm? tissue culture flasks (Costar) were either treated

with 20 ng of TNF-a per m! or adsorbed with T3D at an MOI of 100 PFU per
cell. After incubation at 37°C for various intervals, nuclear extracts were pre-
pared by washing cells in phosphate-buffered saline and incubating them in
hypotonic lysis buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl,, 0.5
mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, protease inhibitor
cocktail [Boehringer Mannheim, Indianapolis, Ind.]) at 4°C for 15 min. Then
1/20 volume of 10% Nonidet P-40 was added to the cell lysate, and the sample
was vortexed for 10 s and centrifuged at 10,000 X g for 5 min. The nucléar pellet
was washed once in hypotonic buffer, resuspended in high-salt buffer (25%
glycerol, 20 mM HEPES [pH 7.9], 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfony! fluoride, protease inhibitor
cocktail), and incubated at 4°C for 2 to 3 h. Samples were centrifuged at 10,000 ¥
g for 10 min, and the supernatant was used as the nuclear extract.
“ Nuclear extracts were assayed for NF-kB activation by an electrophoretic
mobility shift assay (EMSA) using a 32P-labeled oligonucleotide consisting of the
NF-kB consensus binding sequence (Santa Cruz Biotechnology, Santa Cruz,
Calif.). Nuclear extracts (5 to 10 pg of total protein) were incubated at 4°C for
20 min with a binding-reaction buffer containing 2 pg of poly(dI-dC) (Sigma) in
20 mM HEPES (pH 7.9)-60 mM KCl-1 mM EDTA-1 mM dithiothreitol-5%
glycerol. Radiolabeled NF-kB consensus oligonucleotide (0.1 to 1.0 ng) was
added, and the mixture was incubated at room temperature for 20 min. For
competition experiments, a 10-fold excess of unlabeled consensus oligonucleo-
tide or of an oligonucleotide containing a point mutation in the NF-«kB consensus
site (Santa Cruz Biotechnology) was added to reaction mixtures. For supershift
experiments, 1 ul of rabbit polyclonal antiserum raised against either human p50
or p65 (Santa Cruz Biotechnology) or a control antibody raised against reovirus
nonstructural protein o1s (47) was added to binding-reaction mixtures and in-
cubated at 4°C for 30 min prior to the addition of radiolabeled oligonucleotide.
Nucleoprotein complexes were subjected to electrophoresis on native 5% poly-
acrylamide gels at 180 V, dried under vacuum, and exposed to Biomax MR film
(Kodak, Rochester, N.Y.).
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Luciferase gene reporter assay. The NF-«B-dependent luciferase reporter
construct was a gift from Lucy Ghoda. The construct is composed of pGL2-Basic
(Promega, Madison, Wis.) and three NF-xB-binding sites from the major histo-
compatibility complex class I promoter. HeLa cells (1.5 X 10°) in six-well tissue
culture plates (Costar) were incubated for 24 h and then transfected with 10 pg
of the luciferase reporter construct and 2 p.g of a cytomegalovirus (CMV)--
galactosidase reporter construct (Clontech, Palo Alto, Calif) using Lipo-
fect AMINE (Gibco BRL). After an additional 24-h incubation, cells were either
mock infected or infected with T3D at an MOI of 100 PFU per cell and
incubated at 37°C for various intervals. The cells were resuspended in 1 mi of
sonication buffer (91 mM dithiothreitol, 0.91 M K,HPO, [pH 7.8]), centrifuged
at 2,000 X g for 10 min, and resuspended in 100 pl of sonication buffer. The cells
were then vortexed, frozen (—20°C) and thawed three times, and centrifuged at
14,000 X g for 10 min. Samples (10 pl) were assessed for luciferase activity after
addition of 350 w! of luciferase assay buffer (85 mM dithiothreitol, 0.85 M
K,HPO, [pH 7.8], 50 mM ATP, 15 mM MgSO,) by determining the optical
density in a luminometer (Monolight 2010; Analytical Luminescence Laborato-
ry). Samples were assayed for B-galactosidase activity using standard procedures
(49) to normalize for transfection efficiency.

Proteasome inhibitor treatment. The proteasome inhibitor Z-L;VS was ob-
tained from Hidde Ploegh (10). HeLa cells were incubated at 37°C for 1 h with
medium containing 5 uM Z-L;VS. TNF-a at 20 ng per ml was added, and the
cells were incubated at 37°C for 18 h, or the medium was removed and the cells
were adsorbed at 4°C for 1 h with T3D at an MOI of 100 PFU per cell in gelatin
saline containing 5 pM Z-L;VS. Following adsorption, medium containing the
proteasome inhibitor was added and the cells were incubated at 37°C for various
intervals. Cells were harvested for EMSA or acridine orange staining assays.

Transient transfection of HeLa cells. The coding sequence of FLAG epitope-
tagged human IxBa lacking amino acids 1 to 36 (IkBa-AN) (11) was inserted
into the multiple-cloning site of pHook-2 (Invitrogen, Carlsbad, Calif.) to gen-
erate pHook-2/IxBa-AN. HeLa cells (7 X 10°) in 60-mm dishes (Corning, Corn-
ing, N.Y.) were incubated at 37°C for 24 h and then transfected with either 5 pg
of pHook-2/lacZ (Invitrogen) or 5 pg of pHook-2/IxkBa-AN using Lipo-
fect AMINE PLUS reagent (Gibco BRL). Transfected cells were selected using
Capture-Tec magnetic beads (Invitrogen) 24 h following infection and plated in
24-well plates for use in acridine orange staining assays.

Statistical analysis. Acridine orange staining data were tested using paramet-
ric statistical analysis with a two-sample ¢ test. Statistical analysis was performed
using Minitab statistical software (Addison-Wesley, Reading, Mass.).

RESULTS

Reovirus replicates efficiently and induces apoptosis in
HelLa cells. To determine whether reovirus is capable of pro-
ductively infecting HeLa cells, reovirus strain T3D was ad-
sorbed to cells at an MOI of 1 PFU per cell and viral yields
were determined 24 and 48 h after infection (Fig. 1A). T3D
replicated efficiently in HeLa cells, producing yields of approx-
imately 800 and 8,000 progeny virions per input 24 and 48 h
following infection, respectively. To determine whether reovi-
rus induces apoptosis of HeLa cells, T3D was adsorbed to cells
at an MOI of 100 PFU per cell and apoptosis was assessed by
acridine orange staining 24 and 48 h after infection (Fig. 1B).
In previous work, we showed that cell death detected using
acridine orange staining of infected L cells and Madin-Darby
canine kidney (MDCK) epithelial cells correlates with ultra-
structural changes characteristic of apoptosis and formation of
oligonucleosome-length DNA ladders (46, 63). T3D infection
of Hela cells induced chromatin condensation and the mor-
phological changes of apoptosis in approximately 70% of cells
24 h after infection and 80% of cells 48 h after infection. These
results indicate that reovirus grows efficiently in HeLa cells and
induces the death of these cells by apoptosis. _

NF-«B is activated by reovirus. To determine whether
NF-«B is activated following reovirus infection of HeLa cells,
we used EMSAs to detect NF-«B in nuclear extracts prepared
from reovirus-infected cells. HeLa cells were either mock in-
fected or infected with reovirus strain T3D, and nuclear ex-
tracts were prepared at various times after viral adsorption.
Extracts were incubated with a 3?P-labeled oligonucleotide
consisting of the NF-xB consensus binding sequence and re-
solved in a nondenaturing polyacrylamide gel (Fig. 2A). Fol-
lowing infection with reovirus, proteins capable of shifting the
radiolabeled oligonucleotide to a higher relative molecular
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FIG. 1. (A) Growth of reovirus in HeLa cells. Cells (1 X 10°) were infected
with reovirus strain T3D at an MOI of 1 PFU per cell. After adsorption for 1 h,
the inoculum was removed, fresh medium was added, and the cells were incu-
bated at 37°C for 0, 24, or 48 h. The cells were frozen and thawed twice, and viral
titers were determined by a plaque assay. The results are expressed as the mean
viral yields, calculated by dividing the viral titer at 24 or 48 h by the viral titer at
0 b, for three independent experiments. Error bars indicate standard error of the
mean. (B) Apoptosis induced by reovirus infection of HeLa cells. Cells (5 X 10%)
were either mock infected or infected with reovirus strain T3D at an MOI of 100
PFU per cell. After adsorption for 1 h, the cells were incubated at 37°C for 24 or
48 h and stained with acridine orange. The results are expressed as the mean
percentage of cells undergoing apoptosis in three independent experiments.
Error bars indicate standard error of the mean.

mass were increased in nuclear extracts. NF-kB activation was
first detected at 4 h postinfection, peaked at 10 h postinfection,
and was diminishing by 12 h postinfection. Activated com-
plexes could not be detected in mock-infected cultures at any
time point (data not shown). As assessed by EMSA, NF-kB
was activated in L cells and MDCK cells with similar kinetics
following reovirus infection (data not shown).

To confirm the specificity of NF-kB DNA-binding activity in
these experiments, HeLa cells were either mock infected or
infected with T3D at an MOI of 100 PFU per cell and nuclear
extracts were prepared 10 h after adsorption. Nuclear extracts
were incubated with a *2P-labeled NF-kB consensus oligonu-
cleotide in the presence of a 10-fold excess of either unlabeled
consensus oligonucleotide or unlabeled mutant oligonucleo-
tide (Fig. 2B). The mutant oligonucleotide consists of the
NF-«B consensus sequence with a single point mutation that
abolishes NF-kB binding. Binding of the radiolabeled probe
was competed with unlabeled consensus oligonucleotide but
not with mutant oligonucleotide. We conclude that the gel shift
activity detected following reovirus infection is specific for se-
quences that are bound by NF-«B.

To identify NF-«kB family members present in complexes
activated following reovirus infection, nuclear extracts were
prepared from mock-infected cells and cells infected with T3D
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FIG. 2. (A) Time course of NF-«B gel shift activity in nuclear extracts pre-
pared from reovirus-infected HeLa cells. Cells (5 X 10%) were either mock
infected or infected with T3D at an MOI of 100 PFU per cell and incubated at
37°Cfor the times shown. Uninfected cells also were treated with 20 ng of TNF-«
per ml for 1 h. Nuclear extracts were prepared and incubated with a 3?P-labeled
oligonucleotide consisting of the NF-«B consensus binding sequence. Incubation
mixtures were resolved by acrylamide gel electrophoresis, dried, and exposed to
film. NF-kB-containing complexes are indicated. (B) Specificity of NF-xB gel
shift activity. Nuclear extracts were pregared as in panel A 10 h after viral
adsorption. Extracts were incubated with *?P-labeled NF-xB consensus oligonu-
cleotide alone (lanes N), a 10-fold excess of unlabeled consensus probe (lanes C),
or a 10-fold excess of unlabeled mutant probe consisting of the NF-kB consensus
sequence with a point mutation that abolishes NF-xB binding (lanes M). NF-
kB-containing complexes are indicated. (C) Identification of NF-kB fami!y mem-
bers activated by reovirus infection. Nuclear extracts were prepared as in panel
A 10 h after viral adsorption. Extracts wére incubated with no antibody, a control
antibody (Ab), p50-specific antiserum, p65-specific antiserum, or both p50- and
p65-specific antisera. NF-xB complexes not shifted by antibody and supershifted
complexes containing p50 or p65 are indicated.

10 h after viral adsorption. The nuclear extracts were incubated
with a p50-specific antiserum, a p65-specific antiserum, or both
antisera prior to addition of the **P-labeled NF-«B consensus
oligonucleotide (Fig. 2C). The addition of anti-p50 or anti-p65
antiserum or both antisera resulted in bands of higher relative
molecular mass, indicating that both p50 and p65 are present
in complexes activated following reovirus infection. These
findings indicate that reovirus infection of HeLa cells results in
nuclear translocation of NF-kB complexes and that these com-
plexes contain NF-«kB family members p50 and p65.

To determine whether NF-«B is capable of stimulating tran-
scription following reovirus infection, we used a reporter gene
construct containing NF-kB-binding sites to direct the expres-
sion of luciferase. Following transfection of HeLa cells with
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FIG. 3. NF-«B-dependent luciferase expression in reovirus-infected HeLa
cells. Cells (1.5 X 10°) were transfected with 10 pg of a luciferase reporter
construct containing NF-kB binding sites. After 24 h, the cells were either mock
infected or infected with T3D at an MO of 100 PFU per cell and incubated at
37°C for the times shown. Cell extracts were prepared, and luciferase activity was
determined. The results are expressed as the mean luciferase units in two inde-
pendent experiments. Error bars indicate standard error of the mean.

this construct, cells were either mock infected or infected with
T3D. After incubation for various intervals, cell extracts were
prepared and assayed for luciferase activity (Fig. 3). T3D in-
fection was associated with substantial NF-kB-dependent lu-
ciferase expression in comparison to mock-infected cells. Lu-
ciferase activity in infected cells was first detected between 6
and 12 h postinfection and was greatest 18 h postinfection,
after which it declined and was nearly undetectable by 48 h
postinfection. Transfection efficiencies were normalized by
cotransfection of a B-galactosidase reporter construct driven
by the CMV promoter. B-Galactosidase expression from the
CMYV reporter was not altered by reovirus infection (data not
shown). These results indicate that reovirus infection of HeLa
cells activates NF-kB-dependent transcription, which is consis-
tent with the results obtained from biochemical experiments.

Proteasome inhibitor treatment inhibits reovirus-induced
apoptosis. To determine the role of NF-kB activation in reo-
virus-induced apoptosis, HeLa cells were treated with Z-L; VS,
a synthetic inhibitor of proteasome function (10). Previous
studies of other proteasome inhibitors have demonstrated that
NF-kB activation induced by a variety of stimuli, including
TNF-q, lipopolysaccharide, and phorbol esters, is blocked by
treatment of cells with inhibitors of proteasome catalytic ac-
tivity (36, 44). Since degradation of IkB and the subsequent
release of NF-kB require proteasome activity (17), proteasome
inhibitors lead to sequestration of NF-xB in the cytoplasm. To
determine whether Z-I;VS is capable of blocking NF-«B ac-
tivation following reovirus infection, cells were cultured in the
absence or presence of 5 pM Z-L,;VS and then either mock
infected or infected with T3D at an MOI of 100 PFU per cell.
Nuclear extracts were prepared 10 h following infection and
used in an EMSA (Fig. 4A). Treatment of HeLa cells with
Z-L,VS abolished NF-«B activation following reovirus infec-
tion, which confirms that inhibition of proteasome function
blocks nuclear translocation of NF-«kB.

To determine the effect of blockade of NF-«B activation on
reovirus-induced apoptosis, HeLa cells were cultured in the
absence or presence of 5 pM Z-L,VS and then either mock
infected or infected with T3D at an MOI of 100 PFU per cell.
Apoptosis was assessed using acridine orange staining 18 h
after infection (Fig. 4B). This time point was chosen because
more prolonged incubation with the proteasome inhibitor re-
sulted in cytotoxicity. Approximately 20% of reovirus-infected
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FIG. 4. (A) NF-«B gel shift activity in reovirus-infected cells cultured in the
presence of Z-L3VS. Cells (5 X 10°) were either mock infected or infected with
T3D at an MOI of 100 PFU per cell and cultured in the absence or presence of
5 uM Z-L;VS. After incubation at 37°C for 10 h, nuclear extracts were prepared
and incubated with a 32P-labeled oligonucleotide consisting of the NF-«B con-
sensus sequence. Incubation mixtures were resolved by acrylamide gel electro-
phoresis, dried, and exposed to film. NF-kB-containing complexes are indicated.
(B) Quantitation of apoptosis in reovirus-infected HeLa cells cultured in the
presence of Z-L,VS. Cells (5 X 10%) were either mock infected or infected with
T3D at an MOI of 100 PFU per cell and cultured in the absence or presence of
5 pM Z-L,VS. After incubation at 37°C for 18 h, the cells were stained with
acridine orange. (C) Quantitation of apoptosis in TNF-a-treated HeLa cells
cultured in the presence of Z-L;VS. Cells (5 X 10%) were either untreated or
treated with 20 ng of TNF-a per ml and cultured in the absence or presence of
5 wM Z-L,VS. After incubation at 37°C for 18 h, the cells were stained with
acridine orange. The results of the experiments in panels B and C are expressed
as the mean percentage of cells undergoing apoptosis in three independent
experiments. Error bars indicate standard error of the mean.

cells cultured in the absence of the proteasome inhibitor were
apoptotic 18 h after infection; however, only 6% of infected
cells cultured in the presence of the proteasome inhibitor were
apoptotic (P = 0.005). The level of apoptosis detected in in-
fected cells cultured with Z-L;VS did not significantly differ
from that observed in uninfected cells cultured with the pro-
teasome inhibitor (P = 0.25). As a control for the blockade of
NF-«B using Z-L, VS, cells also were treated with TNF-a (Fig.
4C), which has been shown to increase the levels of apoptosis
in cells lacking functional NF-xB (6, 35, 65, 69). Apoptosis was
increased in TNF-a-treated cells cultured in the presence of
Z-1,VS, suggesting that alterations in apoptosis induction me-
diated by the proteasome inhibitor are due to blockade of
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FIG. 5. Quantitation of apoptosis in HeLa cells transiently expressing IxBa-
AN. Cells (1 X 105) were either transfected with 5 wg of pHook-2/IkBa-AN or
5 p.g of pHook-2/lacZ. After 24 h, transfected cells were isolated using Capture-
Tec magnetic beads and plated in 24-well plates. (A) Transfected cells (2 X 10%)
were either mock infected or infected with T3D at an MOI of 100 PFU per cell.
After incubation at 37°C for 24 h, the cells were stained with acridine orange. (B)
Transfected cells (2 X 10%) were either not treated or treated with 20 ng of
TNF-a per ml. After incubation at 37°C for 24 h, the cells were stained with
acridine orange. The results of the experiments in both panels are expressed as
the mean percentage of cells undergoing apoptosis in three independent exper-
iments. Error bars indicate standard error of the mean.

NF-kB. These results provide evidence that interference with
signal-dependent degradation of IkB prevents reovirus-in-
duced apoptosis.

Expression of a transdominant inhibitor of NF-«kB inhibits
reovirus-induced apoptosis. To exclude the possibility that ex-
posure of cells to a proteasome inhibitor results in the block-
ade of apoptosis by inhibiting viral replication or by exerting
other nonspecific effects, we tested whether transient transfec-
tion of a transdominant inhibitor of NF-kB, IkBa-AN, alters
reovirus-induced apoptosis. HeLa cells were transfected with
the pHook-2 plasmid containing human IkBa-AN appended at
the amino terminus with a FLAG epitope. IxkBa-AN is a 36-
amino-acid amino-terminal truncation of IkBa that lacks the
two serine residues required for IkBa degradation (12, 51, 61).
IkBa-AN cannot be targeted for proteasome-mediated degra-
dation and thus functions as a trans-dominant inhibitor of
NF-«kB. The pHook-2 plasmid allows the selection of trans-
fected cells from a population of cells by virtue of coexpression
of a cell surface marker that allows subsequent isolation using
magnetic beads (19). Cells selected following transfection of
either pHook-2/IkBa-AN or a control plasmid, pHook-2/lacZ,
were either mock infected or infected with T3D at an MOI of
100 PFU per cell. Apoptosis was assessed using acridine or-
ange staining 24 h after infection (Fig. SA). Approximately
40% of pHook-2/lacZ-transfected cells were apoptotic follow-
ing infection with reovirus. In sharp contrast, only 15% of
pHook-2/IkBa-AN-transfected cells vere apoptotic following
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reovirus infection (P = 0.002). This low level of apoptosis in
the pHook-2/IkBa-AN-transfected cells was similar to the level
of apoptosis in mock-infected cultures (approximately 10%).
The percentage of apoptotic cells in mock-infected cultures
was higher than routinely observed for untransfected cells,
which is probably due to transfection and selection conditions.
As a control, transfected cells also were treated with TNF-a
(Fig. 5B), which has been shown to increase levels of apoptosis
in cells lacking p65 (6) and in cells expressing mutant forms of
IkBa (65, 69). Levels of apoptosis were increased following
TNF-a treatment of cells transfected with pHook-2/IkBa-AN
in comparison to cells transfected with pHook-2/lacZ. There-
fore, it is likely that transfection with pHook-2/IxkBa-AN effec-
tively blocks NF-«kB activation. Stable expression of mutant
forms of IkB in L cells and MDCK cells also inhibits both
NF-«B activation and apoptosis following reovirus infection
(data not shown). These results demonstrate that expression of
an NF-kB trans-dominant inhibitor blocks reovirus-induced
apoptosis and further supports the hypothesis that NF-kB ac-
tivation is required for apoptosis induced by reovirus infection.

Reovirus-induced apoptosis is inhibited in cell lines defi-
cient for p50 or p65. Since both p50 and p65 are present in
NF-kB complexes activated following reovirus infection, we
performed experiments to specifically determine whether p50
or p65 is required for reovirus-induced apoptosis. Immortal-
ized embryonic fibroblasts containing a null mutation in the
gene encoding either the p50 or p65 subunit of NF-xB were
infected with reovirus and assayed for NF-«B activation and
apoptosis induction. To determine whether NF-«xB complexes
are activated following reovirus infection of the null cell
lines, the p50—/— and p65—/— cell lines and their respective
p50+/+ and p65+/+ littermate control cell lines were either
mock infected or infected with T3D at an MOI of 100 PFU
per cell. Nuclear extracts were prepared 6 h (p50+/+ and
p50—/=) or 8 h (p65+/+ and p65—/~) following infection and
used in EMSAs (Fig. 6A and 7A). The results demonstrate
that NF-«kB complexes are not activated in the p50—/— and
p65—/— cell lines following infection. This result was antici-
pated based on the biochemical results with HeLa cells, which
demonstrated that pS0 and p65 are the primary constituents of
NF-kB complexes activated by reovirus.

To determine whether reovirus is capable of inducing apo-
ptosis in the mutant cell lines, p50+/+, p50—/—, p65+/+, and
p65—/— cells were either mock infected or infected with T3D
at an MOI of 100 PFU per cell. Apoptosis was assessed using
acridine orange staining 48 h after infection (Fig. 6B and 7B).
Reovirus infection of both p50+/+ and p65+/+ cell lines
resulted in apoptosis of approximately 25% of cells. However,
only 5% of p50—/— cells and 1% of p65—/— cells were apo-
ptotic following infection. Although apoptosis was not abol-
ished in p50-deficient cells, the levels of apoptosis were signif-
icantly reduced in comparison to those in p50-expressing
control cells (P = 0.013). This result suggests that p50 serves as
an enhancer of reovirus-induced apoptosis but is not absolutely
required for this effect. Reovirus infection of p65-deficient
cells resulted in levels of apoptosis indistinguishable from
those of mock-infected cells (P = 0.78), which indicates a strict
requirement for p65 in the signaling pathway that results in
apoptosis following reovirus infection. Differences in p65+/+
and p65—/— cell apoptosis induced by reovirus were highly
statistically significant (P = 0.01).

A previous study of the p50—/— and p65—/— cell lines
demonstrated that p65 but not p50 is required to inhibit apo-
ptosis induced by TNF-a (6), the opposite effect observed with
reovirus infection. To confirm that p65—/— cells but not
p50—/— cells are more sensitive to TNF-a-induced cell death,
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FIG. 6. (A) NF-«B gel shift activity in reovirus-infected p50-+/+ and pS0—/—
immortalized fibroblast cells. Cells (5 X 10°) were either mock infected or
infected with T3D at an MOI of 100 PFU per cell. After incubation at 37°C for
6 h, nuclear extracts were prepared and incubated with a 3?P-labeled DNA probe
consisting of the NF-«xB consensus sequence. Incubation mixtures were resolved
by acrylamide ge! electrophoresis, dried, and exposed to film. NF-kB-containing
complexes are indicated. (B) Quantitation of apoptosis in reovirus-infected
p50+/+ and p50—/— cells. Cells (2.5 X 10*) were either mock infected or
infected with T3D at an MOI of 100 PFU per cell. After incubation at 37°C for
48 h, the cells were stained with acridine orange. (C) Quantitation of apoptosis
in TNF-a-treated p50+/+ and p50—/— cells. Cells (2.5 X 10%) were either
untreated or treated with 20 ng of TNF-a per ml. After incubation at 37°C for
24 h, the cells were stained with acridine orange. The results of the experiments
in panels B and C are expressed as the mean percentage of cells undergoing
apoptosis in three independent experiments. Error bars indicate standard error
of the mean.

the null and control cell lines were either not treated or treated
with TNF-o (Fig. 6C and 7C). TNF-a treatment induced
apoptosis of p65—/— cells but did not alter the viability of
p50—/— or control cell lines. These results provide strong
genetic evidence that both p50 and p65 are critical for medi-
ating the apoptotic response triggered by reovirus infection
and support the idea that reovirus and TNF-a engage NF-xB
in fundamentally different ways to influence stimulus-induced
cell death.

Growth of reovirus is diminished in cell lines deficient for
p50 and p65. For some viruses, induction of apoptosis may lead
to the activation of cellular signaling molecules required to
render a cell fully permissive for virus replication. Apoptosis
may also facilitate virus release and dissemination from in-
fected cells, resulting in an increase in viral progeny. To de-

J. VlszL.

termine whether NF-kB family members are required for max-
imal viral replication in cultured cells, yields of reovirus were
determined after viral growth in the p50—/— and p65—/— cell
lines and their respective p50+/+ and p65+/+ littermate con-
trol cell lines (Fig. 8). Cells were infected with T3D at an MOI
of 1 PFU per cell, and viral yields were determined 24 and 48 h
after infection. T3D replicated efficiently in all four cell lines;
however, viral yields in the control cell lines were two- to
fivefold greater, after 24 or 48 h of viral growth, than were the
yields in their respective null cell lines. In p50+/+ cells, T3D
produced yields of approximately 1,300 and 9,100 progeny
virions per input 24 and 48 h following infection, respectively.
However, in p50—/— cells, the yields of T3D were reduced to
approximately 350 and 3,900 progeny per input 24 and 48 h
following infection, respectively. Similarly, in p65+/+ cells,
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FIG. 7. (A) NF-xB gel shift activity in reovirus-infeécted p65+/+ and p65—/—
immortalized fibroblast cells. Cells (5 X 10°) were either mock infected or
infected with T3D at an MOI of 100 PFU per cell. After incubation at 37°C for
8 h, nuclear extracts were prepared and incubated with a >?P-labeled DNA probe
consisting of the NF-«B consensus sequence. Incubation mixtures were resolved
by acrylamide gel electrophoresis, dried, and exposed to film. NF-«xB-containing
complexes are indicated. (B) Quantitation of apoptosis in reovirus-infected
p65+/+ and p65—/— cells. Cells (2.5 X 10%) were either mock infected or
infected with T3D at an MOI of 100 PFU per cell. After incubation at 37°C for
48 h, the cells were stained with acridiné orange. (C) Quantitation of apoptosis
in TNF-o-treatéd p65+/+ and p65—/— cells. Cells (2.5 X 10%) were either
untreated or treated with 20 ng of TNF-a per ml. After incubation at 37°C for
24 h, the cells were stained with acridine orange. The results of the experiments
in panels B and C are expressed as the mean percentage of cells undergoing
apoptosis in three independent experiments. Error bars indicate standard error
of the mean.
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FIG. 8. Growth of reovirus in p50—/— and p65—/— immortalized fibroblast
cells. p50-+/+ and p50—/— cells (A) or p65+/+ and p65—/— cells (B) (2.5 X 10*
cells per experiment) were infected with T3D at an MOI of 1 PFU per cell. After
adsorption for 1 h, the inoculum was removed, fresh medium was added, and the
cells were incubated at 37°C for 0, 24, or 48 h. The cells were frozen and thawed
twice, and viral titers were determined by a plaque assay. The results are pre-
sented as the mean viral yields (viral titer at 24 or 48 h divided by viral titer at
0 h) in three independent experiments. Error bars indicate standard error of the
mean.

T3D produced yields of approximately 1,700 and 57,500 prog-
eny per input 24 and 48 h following infection, respectively.
However, in p65—/— cells, the yields of T3D were reduced to
approximately 500 and 12,900 progeny per input 24 and 48 h
following infection, respectively. Similar two- to fivefold reduc-
tions in viral yields were observed in the p5S0—/— and p65—/—
cell lines relative to the control cell lines when cells were
infected at an MOI of 100 PFU per cell (data not shown).
These results suggest that expression of p50 and p65 confers a
modest viral growth advantage. The capacity of p50+/+ and
p65+/+ cells to undergo apoptosis following reovirus infection
may directly enhance viral replication, or expression of p50 and
p65 may allow a more permissive cellular environment to
achieve maximal viral growth.

DISCUSSION

Mammalian reoviruses have served as a useful experimental
system for studies of viral pathogenesis, and studies of these
viruses have provided important insights into how viruses in-
teract with host cells (68). In this study, we demonstrate that
NF-«B is activated following infection of cultured cells with
reovirus. This conclusion is supported by two lines of evidence.
First, reovirus infection of HeLa cells and immortalized cell
lines derived from murine embryonic fibroblasts leads to nu-
clear translocation of NF-kB complexes containing the p50 and
p65 subunits. Second, reovirus infection of HeLa cells induces
NF-«kB-directed expression of a luciferase reporter gene. Max-
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imal luciferase activity follows the peak of NF-«kB gel shift
activity, as would be expected to allow NF-«kB-directed gene
expression. Thus, reovirus infection is capable of functional
activation of NF-xB.

Our results using proteasome inhibitor Z-L;VS and tran-
sient expression of mutant forms of IxBa suggest that reovirus-
induced activation of NF-«B involves targeted degradation of
IxBa by the 26S proteasome. However, the precise mechanism
by which reovirus activates NF-kB remains unknown. We con-
sider it unlikely that NF-«kB activation is triggered solely by
attachment of the virus to its cognate cellular receptor, because
peak NF-«kB activity follows reovirus adsorption by several
hours. Activation of NF-kB in response to physiologic recep-
tor-ligand interactions occurs with more rapid kinetics (66).
Therefore, we suspect that reovirus transcription or translation
is a prerequisite for access to the host NF-xB pathway, which
is more consistent with the delayed response observed in our
studies. It is also possible that reovirus infection induces a
soluble factor that mediates activation of NF-«kB, which also
would account for the delay in NF-kB activation.

Prior studies have firmly established that NF-«kB activation
can be achieved by a broad spectrum of biochemical inducing
cues, resulting in either enhancement (1, 29, 32) or inhibition
(6, 8, 65) of programmed cell death (reviewed in reference 55).
Using a proteasome inhibitor and a trans-dominant inhibitor of
NF-xB, we demonstrated that interference with the NF-xB
pathway leads to inhibition of reovirus-induced apoptosis.
These findings strongly suggest that NF-kB enhances apoptosis
in response to reovirus infection. In support of this contention,
cell lines deficient for either p50 or p65, the primary constitu-
ents of NF-kB complexes activated by reovirus, are signifi-
cantly more resistant to reovirus-induced apoptosis than are
control cell lines. In fact, fibroblasts deficient in p65 expression
do not undergo apoptosis in response to reovirus infection over
an observation period of 48 h. These results provide compel-
ling evidence that NF-«kB plays an essential role in the mech-
anism by which reovirus triggers an apoptotic program in in-
fected cells.

In contrast to our finding that NF-kB functions as a proapo-
ptotic factor during reovirus infection of cultured cells, NF-xkB
plays an antiapoptotic role in cells treated with TNF-a (6, 35,
65, 69) (Fig. 4 to 7). Engagement of the TNF receptor by
TNF-a induces protein-protein interactions that lead directly
to the activation of NF-«B (30), which results in inhibition of
apoptosis (6, 35, 65, 69). Since activation of NF-«B by reovirus
is not likely to occur directly following receptor ligation, it is
possible that the mechanism that promotes activation of
NF-kB by reovirus explains its proapoptotic effects. Alterna-
tively, reovirus infection and TNF-a receptor engagement may
induce different auxiliary factors that influence the effects of
NF-«B within a given' cell type.

The requirement for NF-«kB activation in reovirus-induced
apoptosis suggests that NF-kB functions to increase the ex-
pression of proapoptotic genes. Several genes encoding pro-
teins involved in mediating apoptosis induced by a variety of
stimuli are regulated by NF-kB and contain NF-kB response
elements in their promoters. Such NF-kB-responsive proapo-
ptotic proteins include p53 (70), caspase-1 (14), and FasL (58).
Activation of NF-xB following reovirus infection may induce
the expression of one or more of these genes or other proapo-
ptotic genes, which include death receptors and their ligands,
such as DR4, DRS, and TRAIL; effector or initiator caspases,
such as caspase-3 and caspase-9; and prodeath Bcl-2 family
members, such as Bax, Bik, and Bad. In a previous study, we
demonstrated that inhibitors of calpain, a calcium-dependent
papain-like cysteine protease, block reovirus-induced apopto-
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sis (21). NF-kB may function to upregulate the expression of
calpain activator proteins (22, 48, 53) or growth factors (15,
40), which have been shown to increase calpain activity. NF-xB
also may be involved in regulating genes that control cellular
calcium flux, which is required for calpain activation (57). It is
also possible that NF-«B induces the expression of transcrip-
tion factors that in turn augment the transcription of proapo-
ptotic genes not directly under the control of NF-«B.

Why would reovirus activate NF-kB? One possibility is that
induction of apoptosis of infected cells would reduce host
inflammatory responses, potentially leading to increased dis-
semination of the virus. Thus, viruses capable of this response
would have a clear selective advantage. Given the well-estab-
lished role of NF-kB in signal-induced cell growth pathways
(reviewed in reference 66), a second possibility is that activa-
tion of NF-kB produces a cellular environment that is more
permissive for reovirus replication. Reovirus yields are sub-
stantially higher in rapidly dividing or transformed cells (24, 56,
59), which suggests that cellular factors associated with cell
growth augment viral replication. Reovirus-induced NF-«B ac-
tivation might lead to expression of growth-associated cellular
genes that promote more efficient viral nucleic acid or protein
synthesis, intracellular transport of viral proteins, or assembly
and release of progeny virions. In support of this idea, we
found that reovirus yields are decreased in both p50—/— and
p65—/— cells relative to control cells.

Other viruses induce NF-«kB activation (13, 34, 37, 64, 72),
and in some cases NF-«B is required for maximal viral repli-
cation. For instance, the long terminal repeat of human im-
munodeficiency virus contains kB response elements, and ac-
tivation of NF-kB directly stimulates viral gene expression (16,
18). The human T-cell leukemia virus Tax protein induces
NF-kB activation (9, 72), which in turn induces the expression
of cellular genes that promote human T-cell leukemia virus
replication (5, 28, 33, 39). Thus, the NF-«B signaling pathway
may be a common pathway by which viruses confer an opti-
mum environment to achieve their replication.

The results reported here establish that NF-«B is activated
following reovirus infection and demonstrate that activation of
NF-«B is required for reovirus-induced apoptosis. Most RNA-
containing viruses, such as reovirus, are thought to replicate
independently of the nucleus. Our results, however, clearly
show that infection with an RNA-containing cytoplasmic virus
triggers a signal transduction pathway involving nuclear com-
ponents, which leads to cellular gene expression. Activation of
this signaling pathway is critical for cell death caused by reo-
virus and probably contributes to reovirus-induced pathology
(42; DeBiasi et al., Abstr. Am. Soc. Virol. 18th Annu. Meet.
1999). Understanding the signaling pathways used by reovirus
to induce cellular gene expression and apoptosis will contrib-
ute important new information about mechanisms by which
viruses produce cell death and disease.
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Reovirus-Induced G,/M Cell Cycle Arrest Requires ols
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Serotype-specific differences in the capacity of reovirus strains to inhibit proliferation of murine L929 cells
correlate with the capacity to induce apoptosis. The prototype serotype 3 reovirus strains Abney (T3A) and
Dearing (T3D) inhibit cellular proliferation and induce apoptosis to a greater extent than the prototype
serotype 1 reovirus strain Lang (T1L). We now show that reovirus-induced inhibition of cellular proliferation
results from a G,/M cell cycle arrest. Using TIL X T3D reassortant viruses, we found that strain-specific
differences in the capacity to induce G,/M arrest, like the differences in the capacity to induce apoptosis, are
determined by the viral S1 gene. The S1 gene is bicistronic, encoding the viral attachment protein o1 and the
nonstructural protein o'1s. A ols-deficient reovirus strain, T3C84-MA, fails to induce G,/M arrest, yet retains
the capacity to induce ‘apoptosis, which indicates that ols is required for reovirus-induced G,/M arrest.
Expression of o'ls in C127 cells increases the percentage of cells in the G,/M phase of the cell cycle, supporting
a role for this protein in reovirus-induced G,/M arrest. Inhibition of reovirus-induced apoptosis failed to
prevent virus-induced G,/M arrest, indicating that G,/M arrest is not the result of apoptosis related DNA
damage and suggests that these two processes occur through distinct pathways.

Reovirus infection of cultured cells results in inhibition of
cellular proliferation (10, 17-19, 21, 24-27, 38, 40, 41, 44).
Serotype 3 prototype strains type 3 Abney (T3A) and type 3
Dearing (T3D) inhibit ceflular DNA synthesis to a greater
extent than the serotype 1 prototype strain type 1 Lang (T1L)
(40, 44). Studies using TIL X T3A and T1L X T3D reassortant
viruses indicate that the S1 gene is the primary determinant of
DNA synthesis inhibition (40, 44). Earlier studies suggested
that reovirus-induced inhibition of cellular proliferation results
from inhibition of the initiation of DNA synthesis, consistent
with a G,-S transition block (10, 19, 26, 27, 38).

Reovirus infection also results in apoptosis (11, 36, 37, 44,
45). Reovirus strains T3A and T3D induce apoptosis to sub-
stantially greater extent than T1L (44, 45). A significant cor-
relation exists between the capacities of both TIL X T3A (r =
0.937) and TIL X T3D (r = 0.772) reassortant viruses and
reovirus field isolate strains (r = 0.851) to inhibit cellular
proliferation and induce apoptosis (44). Like strain-specific
differences in DNA synthesis inhibition, strain-specific differ-
ences in apoptosis induction also segregate with the S1 gene
(36, 44, 45).

The viral S1 gene segment is bicistronic, encoding the viral
attachment protein, o1, and a non-virion-associated protein
with no known function, o1s, from overlapping reading frames
(20, 30, 39). Using a ols-deficient virus strain, it was shown
that ols is not required for reovirus growth in cell culture and
is dispensable for the induction of apoptosis (37). These ob-
servations in conjunction with the genetic mapping studies
suggest that ¢ls is the primary determinant of strain-specific
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differences in apoptosis induction. The S1 gene product asso-
ciated with reovirus-induced inhibition of cellular DNA syn-
thesis has not been identified.

We conducted experiments to further investigate the rela-
tionship between reovirus-induced cellular DNA synthesis in-
hibition and apoptosis. We found that inhibition of cellular
proliferation in response to reovirus infection is caused by an
arrest in the G,/M phase of the cell cycle. Reovirus strains
differ in the capacity to induce G,/M arrest, and we used
reassortant viruses to demonstrate that these differences seg-
regate with the S1 gene. A reovirus o'1s mutant fails to induce
G,/M arrest but retains the capacity to induce apoptosis. In-
ducible expression of ¢1s results in the accumulation of cells in
G,/ phase. Inhibition of reovirus-induced apoptosis does not
affect reovirus-induced G,/M arrest. These results indicate that
the o1s protein is required for reovirus-induced G,/M arrest
and suggest that reovirus-induced inhibition of cellular prolif-
eration and induction of apoptosis involve independent path-
ways.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted mouse 1929 cells (ATCC CCL1) were
grown in Joklik's modified Eagle's minimal essential medium (JMEM) supple-
mented to contain 5% heat-inactivated fetal bovine serum (Gibco BRL, Gaith-
ersburg, Md.) and 2 mM L-glutamine (Gibco). Human embryonic kidney
(HEK293) cells (ATCC CRL1573), Madin-Darby canine kidney (MDCK) cells
(ATCC CCL34), C127 cells (ATCC CRL1616), and HeLa cells (ATCC CCL2)
were grown in Dulbecco’s modified Eagle's medium (DMEM) suppl dto
contain 10% heat-inactivated fetal bovine serum (HEK293, MDCK, and C127)
or 10% non-heat-inactivated fetal bovine serum (HeLa), 2 mM r-glutamine, and
100 U of penicillin and 100 pg of streptomycin per ml (Gibeo). IkB-AN2 cells are
HEK293 cells expressing a strong dominant-negative 1kB mutant lacking the
phosphorylation sites that regulate signal-dependent activation of NF-xB (7).

Reovirus strains TIL, T3A, and T3D are laboratory stocks. TIL X T3D
reassortant viruses were grown from stocks originally isolated by Kevin Coombs,
Bernard Fields. and Max Nibert (4, 9). The reovirus field-isofate strain type 3
clonc 84 (TACR4) was isolated from a human host. and T3C84-MA was isolated
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FI1G. 1. Reovirus inhibits cellular proliferation. Asynch beonfi

tayers of L929 cells were either mock infected (circles) or infected with T1L

(triangles) or T3A (squares) at an MO! of 100 PFU per cell, Cells were harvested at the indicated times poslmfecnon and counted. Cells thit excluded trypan blue
were scored as viable. Results are presented as the number of viable cells X 10° per m!. The results from a representative experiment of three independent experiments

are shown,

as previously described (6, 12). Viral strains were plaque purified and passaged
two to three times in 1929 cells to generate working stocks as previously de-
scribed (43)

{zation of T3IC84-MA/or1s+. TICB4-MA/ols+ was
isolated followmg scnal passage of TIC84 in MEL cells as previously described
(6). To isolate a siatic acid binding MEL cell-adapted variant derived from
T3C84 that retains the capacity to express ols, virus isolates from a fifth-passage
MEL cell lysate stock were plaque purified twice on L929 cell I

infection, cells were harvested, washed once with PBS, and stained at 4°C over-
night with Krishan's stain as described above.

Quantitation of apoptosis by acridine orange staining. L929, HEK293,
MDCK, and Hela cells were seeded and infected with reovirus as described
above. The percentage of apoptotic cells was determined at 48 h postinfection as
previously described (16, 45). Cells were harvested, washed once with PBS,
resuﬁpcnded m 25 ut of cell culture medium, and stained with 1 pl of a dye

Plasueﬁ were amplified twice in 1929 cell cultures and vsed to infect 1929 cells
(107) at a mulnpllcny nf mfecnon (MOl) of 10 PFU per ce!l Cytoptasmic
extracts were prep f i iously described (8).
Protein (100 ug) was electrophomed in a 14% sodmm dodeql sulfate-| polyac-
rylamide ge! and transferred to a nitrocell for

100 pg of acridine orange (Sigma) per ml and 100 pg of
ethidium bromide (S:gma) per ml. Cells were examined by epifiuorescence mi-
croscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to 490 nm; barrier, 520
nm; dichroic mirror, S0S nm) and scored as apoptotic if their nuclei contained
umformly s(amed condensed or fragmented chromatin (16, 45).

An
als was performed as previously described (37). The S1 gene of a ﬁﬁh-pmage
isolate that expresses os, termed TIC84-MA/als +, was seq

inhibitors. 1929 cells were secded in 24-well plates at 3.7 X 10* cells
per ‘well m a volume of 0.5 mt per well. After 24 h of incubation, cells were

described (6). T3C84-MA/o1s+ contains the mutation at nuclwtidc 616 lhat
results in a tryptophan-lo—argmmc substitution at residue 202 of the a1 protein,
which is also present in the S1 gene of T3C84-MA and confers the capacity to
bind sialic acid but does not contain the mutation that results in the introduction
of a stop codon following amino acid six in the ols protein.

Cellular pmliferntlon. 1929 cells were seeded in six-well plates (Cos!ar Cam-
bridge, Mass.) at 10° cells per well in a volume of 2.5 m! in JMEM

bated with the calpain inhibitor PD150606 (Parke-Davis Pharmaceutical
Research, Ann Arbor, Mich.) (50 M, L929 celt), the caspase 3 inhibitor DEVD-
CHO (Clontech, Palo Alto, Calif.) (100 uM, HEK293), or anti-TRAIL antibody
(Affinity Bioreagents, Golden, Colo.) (30 uM, HEK293) for 1 h. Cells were then
infected with T3A at an MOI of 100 PFU per cell at 37°C for 1 h. Following
fection, media i the hibitor was added, Cells were har-
wvested and analyzed for cither apoptosns or cell cycle arrest at 48 h postmfcctlon

to contain nonessential amino acids, 5% fetal bovine serum, 2 mM L-gjutumme.
100 U of penicillin per ml, and 100 g of streptomycin per ml. After 24 b of
incubation, when cells were 10 to 20% confl the medium was d, and
cells were infected with viral strains at an MOI of 100 PFU per celfin a volume
of 100 ! at 37°C for 1 h, After viral infection, 2.5 mi of fresh medium was added
to each well. At various times postinfection, cells were harvested, resuspended in
2 m! of phosphate-buffered saline (PBS), and d using a h Y L
Cell viability was determined by trypan blue excl Results are p d as
the viable cell numbers per milliliter.

Flow cytometry. L929, HEK293, MDCK, and HeLa cells were seeded in either
12-welt plates (Costar) at 10° cells per well in a volume of 1 mi per well or 24-well
plates (Costar) at 3.7 X 10* celis per well in & volume of 0.5 ml per well and then
infected with reovirus as described above. Cells were harvested, washed once
with PBS, and stained at 4°C overnight with Krishan's stain containing 3.8 mM
trisodium citrate (Sigma Chemica! Co., St. Louis, Mo.), 70 #M propidium iodide
(Sigma), 0.01% Nonidet P-40 (Sigma), and 0.01 mg of RNase A (Bochringer
Mannheim Co., Indianapolis, Ind.) per m! (33). Cell cycle analysis was performed
usmg a Coulter Epics XL flow cytometer (Beckman-Coulter, Hialesh, Fla.).

of the i was verified daily using DNA check beads
(Coulter) Peak versus integral gating was used to exclude doublet events from
the analysis. Data were collected for 10,000 events. The Modfit LT program
(Verity Software House, Topsham, Maine) was used for celt cycle modeling.

Cell synchronization. L929 cells were sceded in 24-well plates at 3.7 x 10% cells

per well in a volume of 0.5 ml per well. After 24 h, cells were treated with 1 uM
amethopterin {methotrexate) (Sigma) and SO uM adenosine (Sigma) for 16 h.
Cells were washed twice with PBS, infected with reovirus, and incubated with
fresh JMEM supplemented to contain $% heat-inactivated fetal bovine serum, 2
mM L-glutamine, and 2 mg of thymidine (Sigma) per ml. At various times after

ible expression of o1s. C127 stable transformants expressing T3D als
(BPX6-2) from the mousc metallothionein promoter and vector control (BPV-
12) were provided by Aaron Shatkin (21). BPX-6 and BPV-12 cells were seeded
in 24-well plates at 3.0 x 10* cells per well in a volume of 0.5 ml per well. After
24 h of incub cells were incubated with 1 uM CdCl, to induce ats expres-
sion (22) and harvested at various times postinduction for cell cycle analysis.

RESULTS

Reovirus strains TIL and T3A differ in the capacity to in-
hibit cellular proliferation. We have previously shown that T1
and T3 reovirus strains differ in the capacity to inhibit cellular
DNA synthesis as measured by [*H]thymidine incorporation
(40, 44). To determine whether reovirus-induced DNA synthe-
sis inhibition is associated with inhibition of cellular prolifer-
ation, we infected 1929 cells with either TIL or T3A at an
MOI of 100 PFU per cell. At various intervals after infection,
viable cells were counted (Fig. 1). Infection with T3A resulted
in complete inhibition of cellular proliferation. A modest re-
duction in proliferation was observed for cells infected with
TI1L compared to mock-infected controls. Therefore, strain-
specific differences in inhibition of cellular proliferation paral-
fel those previously reported for DNA synthesis inhibition.
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FIG. 2. T3'rwvirus induces an increase in the percentage of cells in the Go/M phase of the cell cycle. Asynchronous, subconfluent monolayers of 1929 cells were

either mock infected (circles) or infected with T1L (triangles), T3A (:

), or TID (di

ds) at an MO of 100 PFU per cell. Cells were harvested at the indicated

times postinfection, stained with Krishan's stain, and lnltyzcd for DNA content using flow cytometry. Results are presented as the percentage of cells in Go/M phase

of three i

(A) or G, phase (B) of the cell cycle, Results of a rep

experiments are shown. (C) L929 cells were synchronized with 1

M methotrexate and 50 uM adenosine for 16 h, Cells were released using fresh media mm'nmng 2 mg of thymidine per ml and either mock infected or infected with
T1L or T3A at an MOI of 100 PFU per cell. Cells were harvested at the indicated times postinfection, stained with Krishan's stain, and analyzed for DNA content using
flow cytometry. Results are presented as the cell cycle distribution following either mock, T1L, or T3A infection at the indicated times postinfection.

T3 reoviruses induce G,/M arrest. To identify the phase in
the cell cycle that T3 reoviruses inhibit cellular proliferation,
we analyzed reovirus-infected cells using flow cytometry. 1929
cells were infected with T1L, T3A, or T3D at an MOI of 100
PFU per cell and stained with Krishan’s stain (33) containing
propidium iodide to determine cellular DNA content at vari-
ous intervals postinfection. The results were converted to the
percentage of cells in Gy/M phase of the cell cycle using Modfit
LT software (Fig. 2). Infection with either T3A or T3D re-
sulted in a substantial increase in the percentage of cells in the
G,/M phase of the cell cycle compared to T1L-infected or
mock-infected cells by 24 h postinfection (Fig. 2A). There also

was a corresponding decrease in the percentage of cells in G,
phase following infection with either T3A or T3D compared to
T1L-infected or mock-infected cells (Fig. 2B). To confirm
these results, 1929 cells were synchronized with methotrexate
prior to reovirus infection and assessed for cell cycle progres-
sion (Fig. 2C). Similar to findings with unsynchronized cells,
T3A induced a significant increase in the proportion of cells in
the G,/M phase of the cell cycle compared to T1L or mock
infection. The increase in the proportion of cells in G,/M was
first seen at 12 h postinfection and was maintained throughout
the observation period (48 h). These findings indicate that the
inhibition of proliferation induced by T3 reoviruses is caused
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by a block in the G,/M phase of the cell cycle. Following T1L
or mock infection, cells traverse the cell cycle, proliferate, and
reenter the cell cycle. Conversely, T3-infected cells enter the
cell cycle, stall in G,/M phase, and do not proliferate.

T3 reovirus-induced G,/M arrest is dose dependent. To in-
vestigate the relationship between MOI and the induction of
G,/M arrest, we infected L929 cells with T3A at MOIs of 1, 10,
and 100 PFU per cell. Cells were harvested at 48 h postinfec-
tion, stained with Krishan's stain (33), and analyzed for DNA
content by flow cytometry (Fig. 3). T3A infection induced a
greater percentage of cells in Gy/M than mock infection at
each MOI tested, and the effect was dose dependent.

Gy/M arrest occurs in a variety of cell lines following T3
reovirus infection. To determine whether the capacity of reo-
virus to block cell cycle progression is cell type dependent,
1929, MDCK, C127, HEK293, and HelLa cells were either
mock infected or infected with TiL or T3A at an MOI of 100
PFU per cell. Cells were harvested at 48 h postinfection,
stained with Krishan's stain (33), and analyzed for DNA con-
tent by flow cytometry (Fig. 4). T3A infection induced a
greater percentage of cells in G,/M than either T1L or mock
infection in all cell lines tested. However, the magnitude of the
strain-specific difference was greatest in L929 (Fig. 4A),
MDCK (Fig. 4B), and C127 (Fig. 4C) cells. Therefore, reovi-
rus-induced G,/M arrest is not cell type specific and likely
requires non-cell-type-specific factors to mediate G,/M arrest.

T3 reovirus G,/M arrest phenotype is dominant. To deter-
mine whether G,/M arrest resulting from T3 reovirus infection
could be overcome by T1 reovirus infection, we coinfected
1929 cells with equivalent MOIs of T1L and T3A and mea-
sured the percentage of cells in Gy/M by flow cytometry at 48 h
postinfection. The percentage of cells in Go/M after coinfec-
tion with T1L and T3A was identical to that of T3A alone and
significantly greater than that of TiL alone (Fig. 5). These
results indicate that the G,/M arrest phenotype of T3 reovirus
is dominant.

G,/M arrest by TIL X T3D reassortant viruses. To identify
viral genes associated with differences in the capacity of T1L
and T3D to induce G,/M arrest, we tested 12 TIL X T3D
reassortant viruses for the capacity to induce G,/M arrest in
unsynchronized and synchronized 1929 cells (Table 1). The
results demonstrate a significant association between the ca-
pacity of reassortant viruses to induce Go/M arrest in unsyn-
chronized 1929 cells and the S1 gene segment (Student ¢ test,
P = 0.004; Mann-Whitney, P = 0.007). No other viral genes
were significantly associated with G,/M arrest in this analysis (¢
test and Mann-Whitney, all P > 0.05). However, when 1.929
cells were synchronized prior to infection, the results demon-
strate a significant association between the capacity of reassor-
tant viruses to induce Go/M arrest and the derivation of the S1

Mock 1 10 100

MOl of T3A

FIG. 3. GyM arrest induced by T3 reovirus is dose dependent. Asynchro-
nous, subconfluent monolayers of 1929 cells were either mock infected or in-
fected with T3A at MOIs of 1, 10, and 100 PFU per cell. Cells were harvested at
48 h postinfection, stained with Krishan's stain, and analyzed for DNA content
using flow cytometry. Results are presented as the percentage of cells in Gy/M
phase. '

Percent of Cells in G2/M
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HEK293

Percent of Cells in G2/M

30

20 {

Mock TIL T3A

FIG. 4. T3 reovirus induces G,/M arrest in murine, canine, and human cells.
Asynch beonfl layers of 1929 (A), MDCK (B), C127 (C),
HEK293 (D), and HeLa (E) cells were either mock infected (white) or infected
with TIL (gray) or T3A (black) at an MOI of 100 PFU per cell. Cells were
harvested at 48 h postinfection, stained with Krishan's stain, and analyzed for
DNA content using flow ¢y y. Results are p d as the mean percent-
age of cells in G,/M phase for three independent experiments. The error bars
indicate the standard errors of the mean. A significantly greater percentage of
T3A-infected cells were in Go/M than mock-infected cells in all cell lines tested
(P < 0.01 10 0.001). A significantly greater percentage of T3A-infected cells were
in GoM than TiL-infected cells in ail cell lines tested (P < 0.01 to 0.001) except
HelLa. A significantly greater percentage of T1L-infected cells were in Go/M than
mock-infected cells in L929 and HEK293 cells (P < 0.001).

gene segment (1 test, P = 0.007; Mann-Whitney, P = 0.016)
and the M2 gene segment (¢ test, P = 0.007; Mann-Whitney,
P = 0.016). We used parametric stepwise linear regression
analysis to determine whether the S1 and M2 genes contrib-
uted independently to the capacity of TIL X T3D reassortant
viruses to induce G,/M arrest. We obtained R? values of 91.3
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and 96.7% for the regression equation using all 10 reovirus
genes for unsynchronized and synchronized L929 cells, respec-
tively: 52.2% (P = 0.004) for S1 in unsynchronized L929 cells
and 84.9% (P < 0.001) for S1 and M2 and 53.5% (P = 0.007)
for the S1 gene alone in synchronized L929 cells. These results
indicate that the S1 gene segment is the primary determinant
of strain-specific difierences in reovirus-induced G,/M arrest.

G,/M arrest induced by T3 reovirus. The S1 gene segment
encodes two proteins, the viral attachment protein g1 and the
nonstructural protein als (20, 30, 39). To determine whether
ols is required for G,/M arrest, we infected 1929 cells with
reovirus strain T3C84-MA, which does not express als (37)
(Fig. 6). The percentage of cells in G,/M following infection
with T3C84-MA was significantly less than the percentage of
cells in G,/M following infection with thé ols-expressing pa-
rental virus, T3C84. T3C84-MA failed to induce G,/M arrest,
even at an MOI 10-fold greater than T3C84. T3C84-MA/o1s+,
a MEL-cell-adapted strain that does not contain the point
mutation in S1 that results in an early stop codon in ols but
contains the tryptophan-to-arginine substitution at position
202 in o1, induced a level of G,/M arrest that was significantly
greater than T3C84-MA at an MOI of 100 in L929 cells (P =
0.002; percentage of cells in Gy/M following T3C84-MA/o1s+
infection, 23.02 + 1.1%). These findings indicate that func-
tional ols is required for reovirus-induced G,/M arrest.

Expression of T3 o1s induces an increase in the percentage
of cells in Gy/M phase. To determine whether ols alone is
sufficient to induce the accumulation of cells in G/M phase,
we analyzed the DNA content of C127 cells engineered to
express the T3D ols protein. Expression of ols from the
mouse metallothionein promoter was induced by 1 uM CdCl,
(21) however, levels of als were substantially less than levels
found following natural virus infection (data not shown). The
percentage of cells in G,/M following induction was signifi-
cantly greater in cells expressing ols than in vector control
cells at 45 and 55 h postinduction (P = 0.03 and P = 0.005,
respectively) (Fig. 7). These results provide additional evi-
dence that ols expression is involved in the accumulation of
cells in the G,/M phase of the cell cycle.

Reovirus-induced apoptosis can be dissociated from reovi-
rus-induced G,/M arrest. Previous studies indicate that the
capacity of rcovirus to inhibit DNA synthesis correlates with
the capacity to induce apoptosis (44). Like strain-specific dif-
ferences in reovirus-induced G,/M arrest, differences in the
capacity of reovirus strains to inhibit DNA synthesis and in-
duce apoptosis are determined by the S1 gene (40, 44). To
determine whether apoptosis-associated disruption of cellular
DNA s required for reovirus-induced inhibition of cellular
proliferation, L929 cells or HEK293 cells were either mock
infected or infected with T3A in the presence or absence of
inhibitors of reovirus-induced apoptosis (7, 8, 11). Treatment
of cells with the calpain inhibitor PD150606 (11), the caspase
inhibitor DEVD-CHO (e. . Kominsky, personal communica-
tion), or anti-TRAIL antibody (7) blocks reovirus-induced ap-
optosis, as does expression of an IxB mutant that blocks
NF-B activation (7, 8). Gy/M arrest was evaluated by flow
cytometry at 48 h postinfection (Fig. 8). Treatment with the
calpain inhibitor PD150606 (Fig. 8A), the caspase 3 inhibitor
DEVD-CHO (Fig. 8B), or anti-TRAIL antibody (Fig. 8C)
using conditions that inhibit reovirus-induced apoptosis, had
no effect on T3A-induced G,/ arrest, nor did inhibition of
NF-kB by expression of a dominant-negative IxB (7, 8) (Fig.
8D). Therefore, inhibitors of reovirus-induced apoptosis do
not inhibit reovirus-induced G,/M arrest. These findings indi-
cate that apoptosis induced DNA damage is not required for
reovirus-induced G,/M arrest.
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FIG. S. T3A-induced Go/M arrest phenotype is domi L1929 cells were either mock infected (white), coinfected with quivalent MOls of T1L and T3A (the MOI1
of each virus was 50 PFU per cell) (dark gray), or infected with T1L (light gray) or T3A (black) alone at MOls of 50 or 100 PFU per cell. L929 cells were harvested
at 48 h postinfection and analyzed using flow cy Y. The results are presented as the percentage of cells in the G,/M phase of the cell cycle.

DISCUSSION suggested, based on extrapolation of results obtained using
[*H]thymidine incorporation, that T3 reoviruses induce cell
T3 reovirus strains inhibit host cell proliferation, as mea-  cycle arrest at the G,-to-S transition. We now show, using flow

sured by cellular DNA synthesis inhibition, to a substantially cytometry to directly analyze cell cycle progression in reovirus-
greater extent than T1 reovirus strains (40, 44). It has heen infected cells, that reovirus-induced inhibition of cellular pro-

TABLE 1. Capacities of TIL X T3D reassortant viruses to induce G,/M arrest

Genome segment” % Cells in GyM?
Virus strain
Lt L2 L3 M1 M2 M3 S1 s2 S3 $4 U hronized  Synchronized
EBI138 3D 1L 1L 3D 3D 1L 3D 3D 1L 1L ND 24.56
EB28 3D 3D 1L 3D 3D 3D D 1L 3D 3D 38.13 28.59
KC150 3D 1L 1L 1L 3D 1L 3D 3D 1L 3D 3391 3647
EB97 ’ 3D 3D 1L 3D 3D 3D 3D 3D 3D 1L 30.30 28.35
G2 1L 3D 1L 1L 1L 1L 3D 1L 1L iL 29.09 13.92
H41 3D 3D 1L 1L iL 3D 1L 1L 3D 1L 26.56 ND
T3D 3D D 3D 3D 3D 3D 3D 3D 3D 3D 257 38.51
H1S 1L 3D 3D iL 3D 3D 3D 3D 3D 1L 24.95 31.63
EB127 3D 3D 1L 1L 3D iL 1L 3D 3D 1L 23.54 ND
H9 3D 3D 1L 3D 1L 1L 3D 3D 3D 3D 23.11 17.17
EBS8S 1L 1L 1L 1L 1L 3D 1L 3D 1L 1L 21.88 ND
TIL 1L 1L iL 1L 1L 1L 1L 1L 1L 1L 19.23 5.56
EB145 3D 3D 3D 3D 3D 1L 1L 3D 3D 3D 15.72 14.72
EB121 kis} 3D 1L 3D 1L 3D 1L 3D 3D 3D 14.98 9.45
EB1 iL 3D iL 1L 3D 1L 1L 1L 3D 1L 11.89 16.19
Significance (P)*
Unsynchronized L cells
1 test 030 084 060 085 046 036 0004 078 058 066
MW 030 1 077 095 041 038 0007 080 073 085
Synchronized L cells
1 test 025 1 027 073 0007 016 0007 018 067 053
MW 028 1 028 076 0016 0.2 0016 021 057 048

“ The parental origin of cach genome segment in the reassortants strains: 1L, genome segment derived from T1L: 3D, genome segment derived from T3ID,
* Unsynchronized or synchronized L cells were infected with viral strains at an MOI of 100 PFU per cel! and analyzed by flow cytometry at 48 h postinfection. ND,
not determined.

€ As determined by two-sample parametric Student ¢ test (¢ test) and Mann-Whitney nonparametric analysis (MW), Values in boldface are eee.
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FIG. 6. Reovirus-induced Gy/M arrest requires ols. L929 cells were either mocl
T3C84-MA (gray) at MOls of 100, 250, or 1,000 PFU per cell. Cells were harvested 4

k infected (white) or infected with wild-type T3C84 (black) or a1s-null mutant
8 h postinfection, stained with Krishan's stain, and analyzed using ﬂotv cytometry.

The results are presented as the mean percentage of cells in Go/M phase of the cell cycle for six independent experiments at an MOI of 100 and three independent
experiments at MOIs of 250 and 1,000. The error bars indicate the standard errors of the mean. A significantly greater percentage of T3C84-infected cells were in G,M

liferation results from G,/M arrest. This effect is not cell type
specific and is dominant in strains that block cell cycle pro-
gression.

Differences in the capacity of reovirus strains to inhibit cel-
lular proliferation are determined by the viral St gene (40, 44).
Our results indicate that the same is true for G,M arrest. The
reovirus S1 gene is bicistronic, encoding the structural protein
ol and the nonstructural protein ols using overlapping, alter-
native reading frames (20, 30, 39). As a result of this coding
strategy, there is no sequence similarity between the o1 and
ols proteins (12). To determine which of the two S1-encoded
proteins are required for G,/M arrest, we examined the capac-
ity of the o1s null mutant T3C84-MA to induce G,/M arrest.
T3C84-MA and its ols expressing parent, T3C84, produce
equivalent yields of viral progeny in L929 cells, and both vi-
ruses are equally effective in inducing apoptosis (37). However,

EBPV-12
W BPX-6

Percent of Cells in G2/M

3s

45 55
Time Post-CdCl Induction (h)

FIG. 7. als expression induces an increase in the percentage of cells in G/M
phase. C127 cells stably transfected with als (BPX-6) or vector control (BPV-12)
under the control of the mouse metallothionein promoter were induced with
CdCl,, harvested at the indicated times postinduction, and analyzed for DNA
content by flow cytometry. The results are p d as the mean p ge of
cells in the Go/M phase of the cell cycle for three to six independent experiments.
The error bars indicate the standard errors of the mean. The percentage of cells
in G/ was significantly greater in the ols-expressing cells than in the vector-
control cells at 45 h (P = 0.03, n = 4) and 55 h (P = 0.005,n = 6) postinduction.

T3C84-MA fails to induce G/M arrest. This finding suggests
that ols is required for blockade of cell cycle progression
following T3 reovirus infection. However, it is also possible
that differences in the capacity of T3C84 and T3C84-MA to
induce cell cycle arrest are influenced by other sequence dif-
ferences. The mutation in the S1 gene that introduces a ter-
mination codon in the o'1s open reading frame also results in a
lysine-to-isoleucine substitution at residue 26 in the deduced
amino acid sequence of ol. The T3C84-MA S1 gene also
contains an additional mutation that results in a tryptophan-
to-arginine substitution at residue 202 in o1, which determines
the capacity of this strain to bind sialic acid. To exclude the
possibility that sialic acid binding influences cell cycle arrest,
we isolated and characterized an additional T3C84-MA vari-
ant, T3C84-MA/o1s+, that binds to sialic acid and expresses
ols. In contrast to T3C84-MA, which binds sialic acid but does
not express o1s, T3C84-MA/c1s+ induces G,/M arrest. There-
fore, it is unlikely that the capacity to bind sialic acid influences
the efficiency of cell cycle arrest induced by T3 reoviruses (12),

To corroborate findings made using viruses that vary in ols
expression, we also tested the capacity of cells engineered to
express ols under the control of an inducible promoter to
undergo cell cycle arrest. Following induction of ols expres-
sion, we observed an increase in the percentage of cells in the
G,/M phase of the cell cycle, which suggests that o'1s is capable
of mediating cell cycle blockade at the G,/M checkpoint. This
observation suggests that the reovirus a1s protein is similar to
the human immunodeficiency virus (HIV) Vpr protein (2, 28,
31, 35) or the human papillomavirus (HPV) E2 protein (23),
which similarly block cell cycle progression at the G,/M bound-
ary. Thus, our findings indicate that reovirus-induced G,/M
arrest requires als and provide the first evidence of a func-
tional role for this nonstructural protein.

We have previously shown that the capacity of reovirus to
induce apoptosis correlates with the capacity to inhibit cellular
proliferation and that both properties are determined by the
viral S1 gene (44). Our results clearly show that G,/M arrest
can occur in cells treated with potent inhibitors of reovirus-
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FIG. 8. Inhibitors of reovirus-induced is do not inhibit reovirus-in-

duced Gy/M arrest. (A) Effect of calpain inhibitor PD150606 on T3A-induced
Gy/M arrest. L929 cells were treated with either 25 uM calpain inhibitor
PD150606 or an ethanol control and then either mock infected or infected with
T3A at an MOI of 100 PFU per cell, (B) Effect of caspase 3 inhibitor DEVD-
CHO on T3A-induced Go/M arrest, HEK293 cells were treated with either 100
wM caspase 3 inhibitor DEVD-CHO or a dimethy! sulfoxide control and then
either mock infected or infected with T3A at an MOI of 100 PFU per cell. (C)
Effect of anti-TRAIL antibodies on T3A-induced Gy/M arrest. HEK293 cells
were treated with either 30 pg of an anti-TRAIL antibody per m! or mock
treated as a control and then either mock infected or infected with T3A at an
MOI of 100 PFU per cell. (D) Eﬂ'ect of NF-xB inhibition on T3A-induced G;M
arrest. HEK293 cells form of kB (IkB-AN2) to
inhibit NF-kB activation or umrmsfeded HEK293 cells were either mock in-
fected or infected with T3A at an MOI of 100 PFU per cell. in all cases, Gy/M
arrest was assessed 48 h postinfection.

induced apoptosis. These findings indicate that the induction
of G,/M arrest and apoptosis by reovirus are functionally in-
dependent at some stage following infection. Moreover, al-
though strain-specific differences in reovirus-induced G,/M ar-
rest and apoptosis induction segregate with the viral S1 gene,
each property is determined by a different S1 gene product.
Strain-specific differences in reovirus-induced G,/M arrest are
determined by ols, whereas differences in reovirus-induced
apoptosis are determined by o1 (36, 45). The induction of
G,/M arrest by HIV Vpr is apparently required for Vpr-in-
duced apoptosis (42), whereas reovirus-induced apoptosis can
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occur in the absence of G,/M arrest (37). These findings sug-
gest that viruses may utilize different mechanisms to induce
G/M arrest and apoptosis.

The G,/M transition is regulated by the kinase cdc2/cdkl
(13-15, 32, 34). Expression of HIV Vpr (28, 35) or HPV E2
protein (23) results in inhibition or delayed activation of cdc2
kinase activity resulting in an accumulation of cells in the G,/M
phase of the cell cycle. In contrast, the baculovirus Autographa
californica nuclear polyhydrosis virus (AcNPV) (3) and herpes
simplex virus (HSV) (1, 29) induce G,/M arrest by a mecha-
nism that is cdc2 independent since cells infected with either of
these viruses maintain high levels of cdc2 kinase activity. HIV,
HPV, AcNPV, and HSV require a nuclear phase to replicate,
whereas reovirus replicates in the cytoplasm. T3 o1s has been
detected in the nucleus as well as in the cytoplasm following
reovirus infection (5, 37), and it is possible that this nuclear
localization is required for reovirus-induced G,/M arrest. Fu-
ture studies will be aimed at identifying which cell cycle regu-
latory proteins are involved in reovirus-induced cell cycle per-
turbation, the role of cellular localization of ¢1s in this process,
and the significance of cell cycle arrest in reovirus-induced
cytopathology and pathogenesis. '
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Reovirus-Induced Apoptosis Is Mediated by TRAIL
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Members of the tumor necrosis factor (TNF) receptor superfamily and their activating ligands transmit
apoptotic signals in a variety of systems. We now show that the binding of TNF-related, apoptosis-inducing
ligand (TRAIL) to its cellular receptors DRS (TRAILR2) and DR4 (TRAILR1) mediates reovirus-induced
apoptosis. Anti-TRAIL antibody and soluble TRAIL receptors block reovirus-induced apoptosis by preventing
TRAIL-receptor binding. In addition, reovirus induces both TRAIL release and an increase in the expression
of DR5 and DR4 in infected cells. Reovirus-induced apoptosis is also blocked following inhibition of the death
receptor-associated, apoptosis-inducing molecules FADD (for FAS-associated death domain) and caspase 8.
We propose that reovirus infection promotes apoptosis via the expression of DR5 and the release of TRAIL
from infected cells. Virus-induced regulation of the TRAIL apoptotic pathway defines a novel mechanism for

virus-induced apoptosis.

Studies using mammalian reoviruses have provided funda-
mental insights into the molecular and genetic basis of viral
pathogenesis and virus-induced cell death. Reovirus infection
induces apoptosis in cultured cells in vitro (13, 15, 26) and in
target tissues in vivo, including the central nervous system,
heart, and liver (12, 13). Reovirus induces apoptosis by a p53-
independent mechanism that involves cellular proteases in-
cluding calpains (4), is dependent on reovirus-induced NF-«B
activation (3), and is inhibited by overexpression of Bcl-2 (15).
Strain-specific differences in the capacity of reoviruses to in-
duce apoptosis are determined by the viral S1 gene (26) and
require viral binding to cell surface receptors but not comple-
tion of the full viral replication cycle (15). Reovirus-induced
apoptosis correlates with pathology in vivo and is a critical
mechanism by which disease is triggered in the host (12).
Inhibition of apoptosis in vivo reduces the extent of tissue
injury (R. L. Debiasi et al, Am. Soc. Virol. Sci. Program
Abstr., abstr. W52-1, 1999), emphasizing the importance of
apoptosis in reovirus pathogenesis. We have thus used reovirus
infection to study mechanisms of virus-induced apoptosis.

Cellular death receptors (DRs) transmit apoptosis-inducing
signals initiated by specific death ligands, most of which are
primarily expressed as biologically active type 1I membrane
proteins that are cleaved into soluble forms. Fas ligand (FasL)
activates Fas/CD95/Apol, tumor necrosis factor (INF) acti-
vates TNFR1 (TNF receptor 1), Apo 3L/TWEAK activates
DR3, and TRAIL (for TNF-related apoptosis-inducing ligand;
also called Apo2L) activates DR4 (TRAILR1) and DRS
(TRAILR2/TRICK2). Ligand-mediated activation triggers a
cascade of events that begins with DR oligomerization and the
close association of their cytoplasmic death domains (DDs).
This is followed by DD-associated interaction with adapter
molecules and cellular proteases critical to DR-induced apo-
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ptosis (reviewed in reference 1). In this paper we describe a
novel mechanism for virus-induced cell death involving the
upregulation of DRS5, the release of TRAIL from infected
cells, and subsequent TRAIL-mediated apoptosis.

MATERJIALS AND METHODS

Cells, virus, and inhibitors. HEK293 cells (ATCC CRL1573) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 100 U each of penicillin
and streptomycin per ml and containing 10% fetal bovine serum. HeLa cells
(ATCC CCL?2) were grown in Eagle’s minimal essential medium supplemented
with 2.4 mM L-glutamine, nonessential amino acids, 60 U each of penicillin and
streptomycin per ml, and containing 10% fetal bovine serum (Gibco BRL,
Gaithersburg, Md.). FADD-DN cells express amino acids 80 to 208 of the
Fas-associated DD (FADD) ¢DNA (with the addition of an AU1 epitope tag at
the N terminus), from the cytomegalovirus promoter from pcDNA3 (Invitrogen,
Carlsbad, Calif.). Reovirus (type 3 Abney [T3A]) is a laboratory stock which has
been plaque purified and passaged (twice) in L929 (ATCC CCLI) cells to
generate working stocks (27). Virus growth was determined by plaque assay as
previously described (25).

Western blot analysis and antibodies. Twenty-four hours following infection
with reovirus, cells were pelleted by centrifugation, washed twice with ice-cold
phosphate-buffered saline, and lysed by sonication in 200 pl of a buffer contain-
ing 15 mM Tris (pH 7.5), 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1%
NP-40, 50 mM B-mercaptoethanol, 100 p.g of leupeptin and 2 ug of aprotinin per
ml, 40 uM Z-D-DCB, and 1 mM phenylmethylsulfonyl fluoride. The lysates were
then cleared by centrifugation at 16,000 X g for 5 min, normalized for protein
amount, mixed 1:1 with sodium dodecyl sulfate (SDS) sample buffer (100 mM
Tris [pH 6.8], 2% SDS, 300 mM B-mercaptoethanol, 30% glycerol, 5% pyronine
Y), boiled for 5 min, and stored at —70°C. Proteins were electrophoresed by
SDS-10% polyacrylamide gels and probed with polyclonal antibodies directed
against DR4 (366891N [PharMingen, San Diego, Calif.] and sc-6823 [Santa Cruz
Biotechnology, Santa Cruz, Calif.]), DRS (210-730-C100 [Alexis Corporation,
Pittsburgh, Pa.} and sc-7191 [Santa Cruz Biotechnology]), DCR-2 (33060-100;
Biovision, Palo Alto, Calif.), Fas (sc-714-G; Santa Cruz Biotechnology), and
actin (CP01; Oncogene, Cambridge, Mass.). Additional antibodies directed
against FasL (sc-834-G; Santa Cruz Biotechnology) and TRAIL (3210-732-R100
[Alexis Corporation] and antibody from Affinity Bioreagents, Golden, Color.)
were used for antibody blocking experiments. Autoradiographs were quantitated
by densitometric analysis using ImageQuant (Amersham Pharmacia Biotech,
Inc., Piscataway, N.I.).

Apoptosis assays and reagents. Forty-eight hours after infection with reovirus,
cells were harvested and stained with acridine orange, for determination of
nuclear morphology, and ethidium bromide, to distinguish cell viability, at a final
concentration of 1 pg/ml each (5). Following staining, cells were examined by
epifluorescence microscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to
490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells
containing condensed nuclei and/or marginated chromatin in a population of 100
cells was recorded. The specificity of this assay has been previously established in
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FIG. 1. TRAIL mediates reovirus-induced apoptosis. Anti-TRAIL antibod-
ies and soluble TRAIL receptors (Fe:DR4 and Fc:DRS) specifically inhibit
reovirus-induced apoptosis. HEK293 and 1929 cells were pretreated for 1 h with
two different anti-TRAIL (TRAILa and TRAILb) antibodies (A) or increasing
concentrations of soluble TRAIL receptors (B) before being infected with reo-
virus (MOIs of 10 and 50, respectively, for antibody and receptor experiments).
After infection cells were incubated in media containing antibody or receptor for
48 h before cells were harvested and the percentage of apoptotic cells was
determined. The graphs show percent apoptosis compared to untreated cells in
reovirus-infected minus mock-infected cells (A) and the actual percent apoptosis
in reovirus-infected minus mock-infected cells (B). Error bars represent standard
error of the mean. Antibodies directed against TNF and FasL were used as
controls in the antibody blocking experiments. Soluble TNFR (Fc:TNFR) was
used as a control in the receptor experiments.

reovirus-infected cells using DNA laddering techniques and electron microscopy
(26). Soluble TRAIL was obtained from Upstate Biotechnology, Lake Placid,
N.Y. Soluble DRs Fc:DR4, Fc:DRS5, and Fo:TNFR were obtained from Alexis
Corporation. Z-IETD-FMK (granzyme B inhibitor III), a specific inhibitor of
caspase 8 activity, was obtained from Clontech, Palo Alto, Calif.

RESULTS

Reovirus-induced apoptosis is mediated by TRAIL. We in-
vestigated the role of ligand-mediated apoptosis in reovirus-
induced cell death using two separate polyclonal antibodies
directed against TRAIL and antibodies directed against FasL
and TNF to block ligand binding during reovirus infection.
HEK293 cells were pretreated with antiligand antibodies (30
pg/ml) for 1 h before viral infection (multiplicity of infection
[MOI] of 10) and were maintained in antibody-containing me-
dia following infection with reovirus. Antibody was not present
during viral infection. The percentage of apoptotic cells was
determined at 48 h postinfection. Anti-TRAIL antibodies, but
not antibodies directed against FasL (TRAIL versus FasL, P =
0.008) or TNF (TRAIL versus TNF, P = 0.003) significantly
inhibit reovirus-induced apoptosis (Fig. 1A). Thus, anti-TRAIL
antibodies specifically inhibit reovirus-induced apoptosis. Anti-
TRAIL antibody also inhibits reovirus-induced apoptosis in
L1929 cells (Fig. 1A), indicating that TRAIL-mediated apopto-
sis is likely to be a general feature of reovirus-induced apopto-
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sis. Both anti-TRAIL antjbodies bound soluble ligand in West-

ern blot analysis (results not shown).

TRAIL binding was further shown to be essential for reovi-
rus-induced apoptosis using the soluble TRAIL receptors Fc:
DR4 and Fc:DRS5 (Fig. 1B). These molecules contain the ex-
tracellular domain of DR4 or DRS5 fused to the Fc portion of
human immunoglobulin G and inhibit TRAIL-induced apo-
ptosis by preventing TRAIL binding to DR4 and DRS5 present
on the cell surface (7). Cells were pretreated with soluble
receptor for 1 h before virus infection (MOI of 50) and were
maintained in receptor-containing media following infection.
Soluble receptor was not present during viral infection. Treat-
ment of cells with Fc:DR4 or Fc:DRS5 (not shown) produces a
dose-dependent inhibitory effect on reovirus-induced apopto-
sis (Fig. 1B). Thus, Fc:DR4 and Fc:DRS5 appear to be similar
in potency for TRAIL binding. Fc:DR4 (100 ng/ml) and Fc:
DRS (100 ng/ml) reduced reovirus-induced apoptosis by 65%
(from 54% to 19%, P = 0.048) and by 70% (from 54% to
16%), respectively. Soluble TNFR (Fc:TNFR; 100 ng/ml) does
not significantly inhibit reovirus-induced apoptosis, indicating
that the inhibition is specific for the TRAIL-associated recep-
tors DR4 and DRS. In 1929 cells, Fc:DR4, but not Fc:TNFR,
also significantly inhibited reovirus-induced apoptosis by 57%
(from 81% to 35% [Fig. 1B]), again indicating that TRAIL-
mediated apoptosis is likely to be a general feature of reovirus-
induced apoptosis. To confirm that antibody or soluble recep-
tor-mediated inhibition of apoptosis was not due to any effect
of these reagents on viral replication, we measured viral yield
in anti-TRAIL and soluble receptor-treated cells and found no
significant difference compared with untreated cells (results
not shown).

TRAIL is released from cells following infection with reovi-
rus. Having shown that TRAIL is required for reovirus-in-
duced apoptosis, we next wanted to determine whether cleaved,
soluble TRAIL is released from in reovirus-infected cells.

Following infection of HEK293 cells with reovirus (MOI of
100), the supernatant was collected and transferred onto HeLa
cells, which are sensitive to TRAIL-induced apoptosis (Fig. 2).
Supernatants collected from virus-infected HEK293 cells 24,
36, and 48 h postinfection induce apoptosis (18, 30, and 68%,
respectively) when transferred onto HeLa cells. Apoptotic

__ HeLa (supernatant transfer) . HEK293 (infection)
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FIG. 2. TRAIL is released from reovirus-infected cells. HEK293 cells were
either mock infected or infected with reovirus (MOI of 100). At various times
postinfection (PI), supernatant from infected HEK293 cells was transferred onto
TRAIL-sensitive HeLa cells. Apoptosis was assayed in HeLa cells 24 h following
supernatant transfer. The graph shows the percent increase of apoptotic nuclei in
HeLa cells following treatment with supernatants taken from reovirus-infected,
compared to mock-infected, HEK293 cells. Error bars represent standard errors
of the mean. Soluble DR5 (Fc:DRS5) and an antireovirus (anti-reo) antibody
were used as TRAIL specificity controls. The shaded bars demonstrate that
reovirus-induced (MO of 100) apoptosis is blocked by the antireovirus antibody
in HEK293 cells.
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FIG. 3. DRS is up-regulated during reovirus-induced apoptosis. Cell lysates
were prepared and examined by Western blotting using antibodies directed
against DRS and actin (A). Following autoradiography, densitometric analysis
was performed (B). The graph shows the increase in signal observed in reovirus-
infected compared to mock-infected cells for DR5 (black columns) and DR4
(shaded columns). M, mock infection; PI, postinfection.

HeLa nuclei were assayed 24 h following treatment with su-
pernatant from reovirus-infected HEK293 cells. Supernatant-
induced apoptosis of HeLa cells is inhibited 64% (from 68% to
31%, P = 0.001) by soluble DR5 (Fc:DRS5; 100 ng/ml [Fig. 2])
and by soluble DR4 (Fc:DR4; 100 ng/ml [results not shown]),
indicating that the apoptosis seen in the HeLa cells following
supernatant transfer is TRAIL specific. TRAIL is thus re-
leased from reovirus-infected cells and induces apoptosis in
HeLa cells. The apoptotic effects of infected cell supernatants
are not due to the presence of infectious virus in the trans-
ferred supernatant since addition of a neutralizing polyclonal
antireovirus antiserum that blocks apoptosis induced by infec-
tious virus (26) does not block apoptosis induced in HeLa cells
by supernatant transfer (Fig. 2). This antibody inhibits reovirus
(MOI of 100)-induced apoptosis in HEK293 cells (Fig. 2).
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Expression of DRS is up-regulated following infection with
reovirus. Reovirus-induced apoptosis thus requires TRAIL
binding, and TRAIL is released from reovirus-infected cells.
We next investigated the expression of TRAIL receptors in
reovirus-infected cells. HEK293 cells were infected with reo-
virus (MOI of 100), harvested at various times postinfection,
and examined by Western blot analysis. DR5 is detected in
lysates extracted from reovirus-infected but not mock-infected
HEK?293 cells. DR5 expression is first detected at 4 h postin-
fection. Expression peaks at 24 h postinfection and then de-
clines (Fig. 3). The expression of DR4 also increases in reovi-
rus-infected cells, but with much less magnitude and only at
late times after infection (Fig. 3B). DR5 thus appears to be the
TRAIL receptor that is predominantly up-regulated following
reovirus infection.

Decoy receptor 1 (DcR-1; also called TRAILR3/TRID/LIT)
and DcR-2 (TRAILR4) compete with DR4 and DRS5 for
TRAIL binding. These decoy receptors do not contain active
intracellular DDs do not transduse apoptotic signals, and have
antiapoptotic effects (6, 17). Neither DcR-1 nor DcR-2 expres-
sion is significantly altered in reovirus-infected cells (results
not shown).

Reovirus infection sensitizes cells to TRAIL-induced apo-
ptosis. TRAIL-induced apoptosis is enhanced in cells demon-
strating an increase in the surface expression of DR4 and DRS
(7). Having shown that reovirus infection results in increased
expression of DRS5 and to a lesser extent DR4, we next wished
to determine whether these increases occur at the cell surface
by demonstrating that reovirus sensitizes cells to TRAIL-in-
duced apoptosis. Cells were infected with reovirus (MOI of
10), treated with TRAIL (200 ng/ml) at various times postin-
fection and assayed for apoptosis 24 h later. Mock-infected
HEK?293 cells do not undergo apoptosis when treated with
TRAIL. However, following infection with reovirus, HEK293
cells become sensitive to TRAIL-induced apoptosis (Fig. 4),
and the percentage of apoptotic nuclei in TRAIL-treated, re-
ovirus-infected cells is greater than that in cells treated with
reovirus alone (Fig. 4). At 12, 24, 30, and 48 h after infection
with reovirus, TRAIL-treated cells demonstrated 2.4-, 3.7,
3.3-, and 1.8-fold increases in apoptosis, respectively, com-
pared to TRAIL-treated mock-infected cells. Since TRAIL-
induced apoptosis is apparent 12 h following infection with
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FIG. 4. Reovirus infection sensitizes cells to TRAIL-induced apoptosis. The effectiveness of TRAIL (200 ng/ml)-induced apoptosis was assayed in mock (—)- or
reovirus (+; MOI of 10)-infected cells. Cells were treated with TRAIL (black bars) or left untreated (shaded bars). At various times postinfection (P.1.), cells were
assayed for the presence of apoptotic nuclei. The graph shows the mean percentage of apoptotic nuclei. Error bars represent standard errors of the mean.
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FIG. 5. Reovirus-induced apoptosis involves FADD and caspase 8 activity.
HEK293 cells expressing FADD-DN or HEK293 cells treated with a specific
inhibitor of caspase 8 (IETD) were infected with reovirus (MOI of 50). Apo-
ptosis was assayed 48 h postinfection. The graph shows the mean percentage of
apoptotic nuclei. Error bars represent standard errors of the mean.

reovirus and since the up-regulation of DR4 is not seen until
24 h postinfection, this again suggests that it is the increased
expression of DRS rather than DR4 that is the primary TRAIL
receptor involved in reovirus-induced apoptosis.

FADD and caspase 8 are involved in reovirus-induced apo-
ptosis. DRs mediate apoptosis through receptor-associated
DD containing adapter proteins, exemplified by FADD (also
called Mort 1). These adapter molecules contain their own
DDs that bind to the clustered receptor DDs, resulting from
receptor-ligand binding (reviewed in reference 1). Studies with
dominant negative (DN) mutants of FADD (28) and cells
derived from FADD gene knockout mice (31) indicate that
FADD is necessary for apoptosis mediated by Fas, TNFR1,
and DR3 (1, 9, 28). Apoptotic signals induced by DR4 and
DRS also appear to be mediated either by FADD or a FADD-
like adapter molecule (1, 29). We constructed a HEK293 cell
line expressing DN FADD (FADD-DN) in order to inhibit
FADD and therefore DR-mediated apoptosis. Reovirus-in-
duced apoptosis in HEK293 cells (and in HEK293 cells ex-
pressing vector alone [not shown]) is reduced by 85% (from
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80.3% to 12%, P = 0.0012) in reovirus-infected HEK293 cells
expressing FADD-DN (Fig. 5). These results confirm our find-
ings that reovirus-induced apoptosis involves cellular DRs.
DR-induced, FADD-mediated apoptosis requires the activ-
ity of caspase 8. Activation of caspase 8 requires association of
its death effector domains with those of FADD. Activated
caspase 8 then activates the downstream effector caspases,
including caspase 3 (reviewed in references 16 and 23). To
further support the role of the TRAIL/DR pathway in reovi-
rus-induced apoptosis, we demonstrate that IETD-fmk (50
M), a specific inhibitor of caspase 8, reduces reovirus-induced
apoptosis by 48% (from 80.3% to 42%, P = (.372), indicating
that caspase 8 is involved in reovirus-induced apoptosis (Fig. 5).

DISCUSSION

We have shown that reovirus-induced apoptosis requires
TRAIL binding to its apoptosis-inducing receptors DRS
and/or DR4. However, exogenous TRAIL (200 ng/ml) does
not induce apoptosis in uninfected HEK293 cells since these
cells do not express sufficient cell surface DR4 or DRS5. To
induce apoptosis, reovirus must therefore up-regulate both
TRAIL and a death-associated TRAIL receptor. We therefore
determined that there is both an increase in the release of
TRAIL and an increase in the expression of DRS, and to a
lesser extent DR4, in reovirus-infected cells. It seems unlikely
that the up-regulation of both DR4 and DRS is required for
TRAIL-mediated expression in reovirus-infected cells. The
quicker and more dramatic increase in DR5 expression com-
pared to DR4 expression suggests that DRS is the major re-
ceptor involved in triggering apoptosis. Furthermore, the in-
creased sensitivity of reovirus-infected HEK293 cells to
TRAIL-induced apoptosis is detectable 12 h following infec-
tion, whereas the alteration in expression of DR4 does not
occur until 24 h postinfection. These results suggest that the
contribution of DR4 to reovirus-induced apoptosis may be a
secondary event and that its up-regulation in reovirus-infected
cells may function to amplify the effects of TRAIL/DRS reg-
ulation.
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FIG. 6. Reovirus induces the TRAIL apoptotic pathway in infected cells by inducing the release of TRAIL and the up-regulation of DRS. The consequent binding
of TRAIL to DRS then promotes FADD association and the activation of caspase 8.
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We propose a model in which reovirus infection results in
the up-regulation of DR5 and the release of TRAIL, thereby
activating the TRAIL pathway of cell death (Fig. 6). Similar to
other DR-mediated apoptotic pathways, reovirus-induced ap-
optosis requires the participation of an adapter molecule
(FADD) and the activation of the caspase cascade since it is
reduced in the presence of inhibitors of FADD or caspase 8
activity. We have recently shown that reovirus-induced apo-
ptosis requires the transcription factor NF-«kB (3). Future stud-
ies will be directed at examining the role of NF-«B in the
up-regulation of TRAIL and DRS5 in reovirus-infected cells.

Our results demonstrate the involvement of the TRAIL apo-
ptotic pathway in reovirus-induced cell death and provide the
first direct evidence for the involvement of this pathway in
virus-induced apoptosis. Additional support for the potential
role of DR4 and DRS5 in virus-induced apoptosis comes from
studies suggesting that human immunodeficiency virus (HIV)
infection increases the expression of TRAIL and sensitizes T
cells to TRAIL-mediated apoptosis (10). Previous studies have
suggested that other members of the TNFR DR superfamily
may also be involved in apoptosis induced in cells infected with
a variety of viruses. Alteration of the cell surface expression of
Fas may be involved in virus-induced, or viral regulation of,
apoptosis in cells infected with influenza virus (21, 22), herpes
simplex virus type 2 (19), bovine herpesvirus 4 (30), adenovirus
(24), and HIV type 1 (2, 11). Similarly, apoptosis induced by
hepatitis B virus (20), HIV type 1 (8), bovine herpesvirus 4
(30), and parvovirus H-1 (14) may involve the TNFR signaling
pathway. TRAIL and TRAIL receptor expression have been
shown to mediate gamma interferon-induced antiviral activity
(18), although the mechanism by which this occurs is unknown.

We propose that the regulation of TRAIL and its death-
promoting receptors is a primary mediator of apoptosis that is
induced not only following viral infection but also as a com-
ponent of apoptosis-inducing stress responses, including che-
motherapy (7).
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ABSTRACT

Viral myocarditis is an important cause of human morbidity and mortality for which reliable and effective
therapy is lacking. Using reovirus strain 8B infection of neonatal mice, a well characterized experimental
model of direct virus-induced myocarditis, we now demonstrate that myocardial injury results from
apoptosis. Proteases play a critical role as effectors of apoptosis. The activity of the cysteine protease
calpain increases in reovirus-infected myocardiocytes, and can be inhibited by the dipeptide alpha-
ketoamide calpain inhibitor CX295. Treatment of reovirus-infected neonatal mice with CX295 protects
them against reovirus myocarditis as documented by: (1) a dramatic reduction in histopathologic evidence
of myocardial injury, (2) complete inhibition of apoptotic myocardial cell death as identified by TUNEL
staining, (3) reduction in serum creatine phosphokinase, and (4) improved weight gain. These findings are
the first evidence for the importance of a calpain-associated pathway of apoptotic cell death in viral disease.
Inhibition of apoptotic signaling pathways may be an effective strategy for the treatment of viral disease in

general and viral myocarditis in particular.




INTRODUCTION

The mechanisms by which viruses produce cytopathic effects in their host cells are not well
understood. Such knowledge is essential to an understanding of viral pathogenesis and development of
novel antiviral therapies. Apoptosis is a mechanism of active cell death distinct from necrosis,
characterized by DNA fragmentation, cell shrinkage, and membrane blebbing without rupture (27).
Apoptosis plays a critical role in many physiologic (29, 75), as well as infectious and non-infectious
pathologic conditions (73). Viruses may either promote or inhibit apoptosis as strategies to maximize
pathogenicity in their hosts (39, 55, 68). Several viruses, including adenovirus, poxviruses, herpes viruses,
and HPV proliferate and evade host immune responses by interfering with programmed cell death (1, 20,
32, 69). Many other viruses, such as HIV, HTLV, influenza, measles, rubella, poliovirus, HHV-6. Sindbis
virus and reoviruses, cause cytopathic effect by induction of apoptosis in their target cells (11, 15, 22-24,
35,41, 43,51, 71).

We have used reovirus-induced apoptosis as an experimental model system to study the viral and
cellular mechanisms involved in apoptotic cell death (41). Reoviruses are non-enveloped viruses that
contain a genome of segmented, double stranded RNA. Infection of cultured fibroblasts and epithelial cells
with reoviruses induces apoptosis. Reoviral strains differ in the efficiency with which they induce this
cellular response, and these differences are determined by the viral S1 gene (45, 70). Apoptosis also occurs
following reovirus infection in vivo and colocalizes with areas of pathologic injury (40,41). This suggests
that apoptosis is an important mechanism of tissue damage in reoviral infection.

Reovirus strain 8B is a reassortant reovirus that efficiently produces myocarditis in infected
neonatal mice (56, 59). Damage has been shown to be a direct effect of viral infection of myocardiocytes
(61). This differs from several other models of viral myocarditis (such as coxsackievirus and murine
CMYV), in which secondary inflammatory responses, or lymphocyte recognition of viral or self antigens on
myocardial cells may be the predominant cause of cardiac damage (12, 18, 21, 31, 47). SCID mice
infected with reovirus 8B develop myocarditis and passive transfer of reovirus-specific immune cells is

protective, rather than harmful, to 8B-infected mice (59, 61). This indicates that immune mechanisms




contribute to amelioration rather than induction of reovirus-induced viral injury (61). However, the
mechanism by which direct myocardial injury occurs is not well characterized. Since tissue damage occurs
by apoptosis in other in vivo models of reoviral infection (40), and apoptosis has been suggested in some
models of viral myocarditis (6, 26), we wished to determine if reoviral myocarditis occurs as a result of
apoptotic cell injury, and if so, whether manipulation of known signaling pathways preceding apoptosis

would be protective.

Protease cascades appear to play critical roles as effectors of apoptosis, including the cysteine
proteases, caspases and calpain (10, 33, 42, 63, 80). Caspases are the most extensively investigated
members of this class of protease and have been implicated in a wide variety of apoptotic models.
However, the role of calpain in apoptosis has been recognized more recently. Calpain is a calcium-
dependent neutral cysteine protease that is ubiquitous throughout the cytosols of many cell types (36, 64).
Calpains have recently been implicated in several models of apbptosis, including dexamethasone-induced
thymocyte apoptosis (66), neuronal cell apoptosis (37), neutrophil apoptosis (65), ischemia-induced rat
liver apoptosis (28, 62), myonuclear apoptosis in limb-girdle dystropy (3) and chemical hypoxia-induced
apoptosis of rat myocytes (8). We have recently shown that reovirus-induced apoptosis in vitro is preceded
by increased cellular calpain activity and is inhibited by two classes of calpain inhibitors (14).

We now show that reovirus 8B-induced myocarditis occurs by apoptosis. Calpain activity
increases in cardiomyocytes following infection with reovirus 8B and calpain inhibition reduces
myocardial injury and morbidity in infected mice. This is evidence that interference with apoptotic
signaling pathways may prove of benefit as a therapeutic strategy in the treatment of viral infection in

general and viral myocarditis in particular.




MATERIALS AND METHODS

VIRUS: Reovirus 8B is an efficiently myocarditic reovirus that has been previously characterized
(59). 8B stocks were triply plaqued, and passaged twice in mouse L cells prior to use.

MICE: Swiss-Webster (Taconic) mouse litters were housed in individual filter-topped cages in
an AALAC accredited animal facility. All animal procedures were performed under protocols approved by
the appropriate institutional committees.

MOUSE INOCULATIONS: 2 day-old Swiss-Webster (Taconic) mice were intramuscularly
inoculated with 1000 pfu 8B reovirus in the left hindlimb (20 pl volume). Mock-infected mice received gel
saline vehicle inoculation (equal volume) (137 mM NaCl, 0.2 mM CaCl ,, 0.8 mM MgCl,, 19 mM H;BO;,
0.1 mM Na,B, O3, 0.3% gelatin).

HISTOLOGIC ANALYSIS: At 7 days post-infection, mice were sacrificed and hearts were
immediately immersed in 10% buffered formalin solution. After mounting as transverse sections, hearts
were embedded in paraffin and section to 6 um thickness. For quantification of degree of myocardial
injury, hematoxylin- and eosin-stained midcardiac sections (at least 6 per heart) were examined at 125X
magnification by light microscopy and scored blindly. Scoring was performed using a previously validated
system (59) with scores ranging from 0-4 (0 = no lesions, | = one or a few small lesions, 2 = many small
or a few large lesions, 3 = multiple small and large lesions, and 4 = massive lesions). 23-24 mice were
scored from each group.

DNA FRAGMENTATION: The presence of internucleosomal DNA cleavage in myocardial
tissue was investigated by phenol/choloroform extraction of DNA from 8B-infected and mock-infected
hearts and precipitation in 95% ETOH. The DNA was then end-labeled with 5 micro-Ci 32P-dGTP using
10 units terminal transferase (#M 187, Promega Corporation), resolved by electrophoresis on a 2% agarose
gel, fixed in 5% acetic acid/5%methanol, dried, and scanned on a Packard Instant Imager (Packard

Instrument Company).




TUNEL STAIN (Terminal deoxynucleotidy! transferase-mediated dUTP nick-end labeling):
Evaluation of fragmented DNA was performed by TUNEL, as previously described (40). Paraffin-
embedded cardiac midsections were prepared by removing paraffin with xylene, then rehydrating in 100%,
95%, then 70% ethanol solutions. After digestion in proteinase K solution (Boehringer-Mannheim) for 30
minutes at 37°C, slides were pretreated in 0.3% H,0, in PBS for 15 minutes at room temperature and then
washed. The terminal deoxynucleotidyl transferase (TdT) labeling reaction was carried out under
sialanized cover slips in a humidified chamber for 1 hour at 37°C with TdT and digoxigenen 11-dUTP.
(Bochringer-Mannheim). The reaction was stopped with SSC buffer (NaCl, sodium citrate). After
blocking in 2% BSA for 10 minutes, sections were probed with Vectastain ABC (avidin DH and
biotinylated enzyme, Vector Labs) for one hour at room temperature, then visualized with
diaminobenzadine (DAB) peroxidase substrate kit (Vector Labs). Negative and positive controls were used
with all reactions.

VIRAL ANTIGEN STAIN: Cardiac midsections were prepared as noted above. Following the
hydrogen peroxide incubation, slides were blocked in 2% normal goat serum for 30 minutes at room
temperature. Sections were then incubated in rabbit polycolonal anti-Reovirus Type3 Dearing antisera as
primary antibody (gift of Terence Dermody, Vanderbilt University) at 1:1000 for 1 hour at 37°C.
Biotinylated-goat anti-rabbit antibody was used as the secondary antiserum (1:200 dilution in 2% normal
goat serum) for 30 minutes at 37°C. Sections were probed and visualized as noted above.

CALPAIN ACTIVITY IN MYOCYTES: The presence of calpain-specific spectrin (fodrin)
breakdown products (150/145 kD déublet) by immunoblot was used as an assay of calpain activity (37).
Mouse primary cardiac myocyte cultures were prepared as previously described (5). Cells were plated at
1.6 X 10° cells/well in 24 well plates and incubated for 48 hours. Cells were then infected with reovirus
strain 8B (MOI 20, in DMEM) or mock-infected (DMEM), then incubated at 37°C. Mock-infected cells
were harvested at 48 hours. 8B-infected cells were harvested at 24, 48 and 72 hours post-infection. Cell
lysates were prepared by sonication in lysis buffer (15mM Tris pH 7.4, 10mM EDTA, 0.1% NP40, 20%
glycerol, 50 mM B-mercaptoethanol, 50 pg/ml pepstatin, 100 pg/ml leupeptin, | mM PMSF) and the
cytoplasmic fractions were run on a 7.5% polyacrylamide gel. Protein loading for these gels (25 pg/well)

was normalized by protein concentration analysis of cell lysates. Following transfer (15 volts overnight),




the nitrocellulose membrane was blocked in 5% non-fat dried milk/TNS for 2 hours, then probed with anti-
fodrin mouse monoclonal antibody (ICN) at 1:1000 for 1.5 hours, and then washed. Membranes were then
incubated in anti-mouse IgG, horseradish peroxidase-linked whole antibody (Amersham) at 1:1000, as
secondary antibody. After washing, ECL Plus was used for detection (Amersham).

In additional experiments, primary cardiac myocytes were infected with 8B reovirus (using the
method described above) with and without pretreatment in CX295 (100 uM). Cell lysates were prepared
and analyzed for calpain activity by immunoblot as described above.

SPECIFICITY OF CALPAIN INHBITOR CX295: Z-leu-aminobutyric acid-CONH(CH2)3-
morpholine (CX295) is a dipeptide alpha-ketoamide compound which inhibits calpain at the active site
(kindly provided by Dr. Gary Rogers at Cortex Pharmaceuticals, Inc.). To determine the efficacy of CX295
as a calpain inhibitor, 10 ug purified p - calpain (Porcine RBC, Calbiochem) was added to the preferred
fluorogenic calpain substrate SLY-AMC (Suc-Leu-Tyr-amino-methyl-coumarin) in the presence and
absence of CX295 (100 uM), as well as in the presence of the pan-caspase inhibitor Z-D-DCB (100 pM).
Calpain assay was performed as previously described (17). Proteolytic hydrolysis of the substrate by
purified calpain liberates the highly fluorescent AMC moiety. Fluorescence at 380 nm excitation and 460
nm emission was quantified with a Hitachi F2000 spectrophotometer. An AMC standard curve was
determined for each experiment. Calpain activity was expressed in pmol AMC released per minute of
incubation time per pg of purified calpain.

To determine the specificity of CX295 as a calpain inhibitor, 10 ng purified caspase 3 (Upstate)
was added to the preferred fluorogenic caspase-3 substrate DEVD-AMC in the presence and absence of
the pan-caspase inhibitor z-D-DCB (100 pM), as well as CX295 (100 uM). In addition, 57 ng purified
caspase-1 (provided by Nancy Thornberry, Merck) was added to the preferred fluorogenic caspase-1
substrate YVAD-AMC in the presence and absence of z-D-DCB, as well as CX295. Caspase activity assay
was performed as previously described (17). Caspase activity was expressed as pmol AMC released per
minute of incubation time per ng of purified caspase. Experiments were all performed in triplicate.

CALPAIN INHIBITION IN VIVO: For calpain inhibition experiments, animals received daily

intraperitoneal injections of either active CX295 (70mg/kg in a 50 puL volume) or its inactive saline diluent.




The first dose was given 30 minutes prior to infection with 8B virus. A total of 6 doses were given, at 24
hour intervals. Mice were sacrificed at 7 days post-infection.

VIRAL TITER DETERMINATION: Injected hind limbs and whole hearts were placed in 1 ml
gel saline and immediately frozen at -70C. After three freeze (-70° C) thaw (37° C) cycles, the tissues were
sonicated approximately 15-30 seconds by using é micro_ti’[') probe (Heat Systems Model XL2020) until a
homogenous solution was obtained. The virus suspensions were serially diluted in 10-fold steps in gel
saline and placed in duplicate on L-cell monolayers for plaque assay, as previously described (14). Virus
titers were expressed as logo pfu per ml.

SERUM CREATINE-PHOSPHOKINASE: Following decapitation, whole blood was collected
from individual mice into plasma separator tubes with lithium heparin to prevent coagulation (Microtainer,
Becton Dickinson). Samples were collected from 8B-infected mice treated with CX295 (N=20), 8B-
infected mice treated with the inactive diluent (N= 20), and uninfected age-matched controls (N=9).

Serum creatine phosphokinase measurements were performed by the University of Colorado Health
Sciences Center Clinical Laboratory and were expressed as U/L.

GROWTH: Mice were infected with 10 pfu 8B reovirus. Infected, drug treated (N=15) and
infected, control (N= 15) mice were weighed daily on days 0-14 post-infection. Additional experiments
using a higher dose of virus (1000 pfu) were also completed, with daily weighing on days 0-7 post-

infection. In these experiments, weights were also compared to normal age-matched uninfected mice.
STATISTICS: The results of all experiments are reported as means = SEM. Means were

compared using parametric two-tailed t-tests (Graph Pad, Prism) and differences were considered

significant if p values were < 0.05.




RESULTS
A. Reovirus 8B induces myocardial injury by apoptosis

Mice were inoculated intramuscularly into the hindlimb with either 1000 pfu of strain 8B reovirus or
gel saline (mock-infection). At 7 days post-infection, mice were sacrificed and transverse cardiac sections
prepared for histologic evaluation. In the 8B-infected hearts, there was marked myocardial disruption and
diffuse edema (Figure 1b). Numerous pyknotic nuclei and apoptotic bodies were present (Figures 1b and
4e). Despite the degree of myocardial injury, only rare mononuclear cells (predominantly macrophages)
and neutrophils were present. Myocardial disruption and edema were not seen in mock-infected hearts
(Figure 1a). Extensive areas of apoptotic TUNEL-positive nuclei were noted in the 8B-infected hearts
(Figure 1d), which correlated with the areas of histologic abnormality described above. Mock-infected
hearts were TUNEL-negative (Figure lc). Large regions of reovirus antigen-positive tissue were noted in
the 8B-infected hearts (F igufe 1f), and occurred in the same distribution as the areas of histologic injury
and TUNEL-positive staining cells.

In order to provide further confirmation that the morphological changes seen in virus-infected hearts
were indeed due to apoptosis, DNA was extracted from 8B-infected and mock-infected hearts, end-labeled,
and analyzed by agarose gel electrophoreses. DNA from infected hearts, but not mock-infected controls,
showed fragmentation into oligonucleosomal length ladders, characteristic of apoptosis (Figure 2). Taken
together, these findings indicate that reovirus-induced myocardial injury is due to apoptosis.

B. Calpain is activated in 8B infected murine cardiac myocytes

We have previously shown that reovirus infection in 1929 cells results in increased calpain activity,
which precedes apoptosis (14). We wished to determine whether calpain activity was also increased in
myocardial cells following reovirus infection. Proteolysis of spectrin (fodrin),va preferred calpain substrate,
was examined as an indication of calpain activation. Intact spectrin (280 kD) is degraded by calpain
resulting in a characteristic spectrin breakdown product doublet seen at 150/145 kD. Mouse primary
cardiac myocyte cultures were infected with reovirus strain 8B (MOI 20) or mock-infected. Lysates were
prepared after harvesting cells at 24, 48 and 72 hours post-infection. Western Blot analysis of these

cytoplasmic fractions revealed increased calpain activity following 8B-infection compared to mock-




infection. This increase was first detectable at 24 hours, reached maximal intensity by 48 hours, and was
still present at 72 hours post-infection (Figure 3a). Densitometric analysis of calpain specific breakdown
products revealed a peak four-fold increase in calpain activity following virus infection (Figure3b).
Caspase degradation of spectrin results in breakdown products at 120 kD, which were not observed in this
experiment. This data demonstrates that an increase in calpain activity occurs following infection of
myocardiocytes with reovirus strain 8B, in a time course that parallels the onset of apoptosis.
C. CX295 is an effective calpain inhibitor and does not appreciably inhibit caspases
Based on our findings that (1) 8B-induced myocarditis is due to apoptosis, (2) calpain is activated in
8B-infected myocardiocytes, and (3) inhibition of calpain activation inhibits reovirus-induced apotosis in
vitro, we wished to determine if calpain inhibition could prevent 8B-induced myocardial injury in vivo.
CX295 is a dipeptide alpha-ketoamide compound that inhibits calpain at the active site and is non-toxic
and effective in vivo (4, 49). To confirm the specificity of the compound, the activity of purified calpain
was monitored in the presence and absence of CX295. The inactive diluent of CX295 and the pan-caspase
inhibitor Z-D-DCB were used as controls. Purified calpain activity (measured as cleavage of SLY-AMC)
was markedly reduced by CX295 (Figure 4a). Calpain activity was decreased from 1255 + 22
pmol/min/ug to 206 + 4 pmol/min/ug in the presence of CX295; p<0.0001. Neither the diluent or
z-D-DCB controls had appreciable effect on calpain activity.

To further confirm that CX295 is a specific calpain inhibitor and does not inhibit caspases, the activity
of purified caspase-1 and caspase-3 was monitored in the presence and absence of CX295, as well as in the
presence of the known pan-caspase inhibitor Z-D-DCB (positive control). CX295 had minimal inhibitory
effect on either caspase-1 or caspase- 3 activity (measured as cleavage of YVAD-AMC and DEVD-AMC,
respectively), whereas z-D-DCB inhibited both caspases nearly completely (Figures 4b and 4c). Purified
caspase 1 activity decreased from 6829 + 39 pmol/min/ng to 6496 + 36 pmol/min/ng in the presence of
CX295, compared to 0 pmol/min/ng in the presence of z-D-DCB. Purified caspase-3 activity decreased
from 1752 £ 6 pmol/min/ngto 1533 + 9 pmol/min/ng in the presence of CX95, compared to 118 + 4
pmol/min/ng in the presence of z-D-DCB.

CX295 also effectively inhibited calpain activity in primary cardiomyocyte culture . Calpain activity

was quantified by immunoblot in reovirus-infected myocytes, in the presence and absence of CX295.
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Calpain activity (measured by densitometric analysis of 150/145 calpain-specific fodrin breakdown
product) increased by 2.4 fold in 8B-infected compared to mock-infected cardiomyocytes.. Calpain
activity was significantly reduced in CX295-treated, 8B-infected cells compared to infected, untreated cells
(p= 0.04) (Figure 4d and 4e).
These experiments confirm that CX295 is both an effective and specific calpain inhibitor.

D. Calpain inhibitor CX295 inhibits 8B-induced myocardial injury

2 day-old Swiss-Webster mice were infected with 1000 pfu 8B virus and received six daily
intraperitoneal injections of either active CX295 (70 mg/kg) or its inactive saline diluent as a control (see
methods). Mice were sacrificed on day 7 post-infection and myocardial sections were prepared.

Transverse cardiac sections from 8B- infected mice treated with CX295 or its inactive diluent

‘(control) were stained with hematoxylin- and eosin and viewed by light microscopy (Figures Sa-5f).

Cardiac tissue from control mice (Figure 5a) showed extensive focal areas of myocardial damage, which
were absent in the CX295-treated animals, despite identical viral infection (Figure 5b). Marked disruption
of the normal myocardial architecture was evident in hearts of control mice (Figure 5c), compared to drug-
treated animals (Figure 5d). Nuclei with apoptotic morphology were easily seen within these areas in the
control mice (Figure 5e), including cells with condensed and pyknotic nuclei, as well as apoptotic bodies.
These findings were absent in the drug-treated animals (Figure 5f). TUNEL staining of comparable
sections from drug treated and diluent-treated (control) infected mice were compared. TUNEL positive
staining nuclei were virtually absent in the drug-treated mice (Figure 5h), compared to control infected
animals (Figure 5g).

For quantification of the degree of myocardial injury, hematoxylin- and eosin-stained midcardiac
sections (at least 6 sections per heart) were scored using a previously validated scoring system (59). 20
infected, CX295 treated animals and 23 control (infected, diluent-treated) mice were evaluated. There was

a highly significant reduction in myocardial injury score in animals treated with CX295. The mean score
for control animals was 3.0 =+ 0.1 (range 2-4), compared to 0.6 + 0.1 (range 0-1.5) for CX295-treated

animals, p < 0.0001 (Figure 6).
Creatine Phosphokinase (CPK) is an intracellular enzyme present in cardiac and skeletal muscle

that is released upon tissue injury. It can be measured in the serum and used as a quantitative marker of
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skeletal and cardiac muscle damage (2). Blood was collected from infected mice treated with CX295 and
inactive diluent-treated controls at 7 days post-infection, as well as uninfected age-matched mice. Serum
CPK values were significantly elevated in 8B-inoculated mice compared to uninfected mice, indicative of
8B-induced muscle injury. There was a statistically significant reduction in serum CPK level toward
normal in CX295-treated mice compared to control mice (Figure 7). Uninfected age-matched mice had a
mean CPK of 4521 + 431 U/L. 8B-infected mice had a mean CPK of 5658 + 359 U/L, representing an
increase of 1137 U/L above normal. Treatment of infected animals with CX295 reduced the mean CPK to
4634 + 350 U/L, not significantly elevated compared to normals, but significantly reduced compared to
infected, non-treated animals (p < 0.05).

To determine if reductions in myocardial injury were also associated with reduction in viral titer at
primary (hind limb) and secondary (heart) sites of replication, tissues were titered for virus by plaque assay
of tissue homogenates. There was a 0.5 log;o reduction in hindlimb viral titer of CX295 -treated animals
compared to controls ( 7.2 + 0.1 log;o pfu/ml to 6.7 £ 0.2 log,, pfu/ml; p=0.003). Hearts of CX295-
treated animals had a 0.7 log reduction in viral titer (6.1 £ 0.2 log10 pfu/ml to 5.4 + 0.2 log10 pfu/ml; p<
0.01) (Figure 8). Although these decrements were statistically significant, they were modest in degree, and
substantial viral replication occurred in both the drug treated and control animals (1000-10000 fold).

We wished to determine whether the reduction in myocardial damage caused by CX295 treatment
reduced morbidity in mice. We therefore measured growth (weight gain) in infected, drug-treated mice
compared to infected, untreated controls. CX295-treated mice had improved growth compared to control
mice (4.6 £ 0.4 grams versus 3.6 £ 0.1 grams at 7 days post-infection; p = 0.008) and growth was not
significantly different from that of uninfected age-matched animals (4.6 + 0.4 grams versus 4.8 + 0.1

grams; p= 0.6, NS) (Figure 9).
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DISCUSSION

Viral myocarditis remains a serious disease without reliable or effective treatment. The events
following viral attachment and replication in myocardial tissue that lead to myocarditis are not clearly
understood. A variety of mechanisms from varying models have been suggested, including direct viral
injury and persistence (9, 25), autoimmune phenomena (18, 46, 52), cytokine fluxes (19, 34, 53, 60),
inflammation (30, 54) and apoptosis (12, 78, 79). A clearer understanding of pathogenic mechanisms is
crucial for the development of effective therapeutic strategies, since currently employed antiviral agents
have not made significant impact on outcomes from this clinical syndrome. Reoviral myocarditis is an
ideal model with which to study these events, since myocardial injury is a direct effect of virus infection
and does not involve immune-mediated effects.

Reovirus 8B induces myocarditis by apoptosis. Reovirus 8B induces myocarditis in mice by
direct viral injury to myocytes and we now show that this occurs by induction of apoptosis. This is
supported by the presence of distinctive morphologic criteria upon microscopic examination of infected
heart tissues, TUNEL positive nuclei were found exclusively in regions of viral infection and myocardial
injury. The presence of apoptosis was confirmed by the presence of the characteristic intranucleosomal
cleavage pattern of extracted DNA. It has been shown previously that multiple viral genes (M1, L1 and L2,
S1), encoding core and attachment proteins are determinants of reovirus-induced acute myocarditis (57).
Interactions between these proteins determine myocarditic potential. Several of these genes have been
associated with reovirus RNA synthesis and reovirus induction of and sensitivity to beta-interferon in
cardiac myocyte cultures, which are determinants of reovirus myocarditic potential. In addition, the Sl
gene, which codes for the viral attachment protein o1, is the primary determinant of apoptotic potential
among s&aiﬁs of reovirus (70). It is most likely therefore, that the extent of reovirus-induced myocardial
injury is determined by a combination of host responses, encompassing both the interferon and apoptosis
pathways. Indeed, just as inhibition of the interferon pathway was sufficient to enhance reovirus-induced
myocarditis (60), we show here that inhibition of the apoptotic pathway is sufficient to abrogate reovirus-

induced myocarditis. Thus, apoptosis is an integral component of reovirus-induced myocardial injury.
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Calpain activity is increased in reovirus-infected myocardiocytes and célpain inhibition is
protective against reovirus-induced myocarditis. Calpain is a calcium-activated cysteine protease that
has proven importance with regard to the initiation of apoptosis in the reoviral model, as well as several
other unrelated models of apoptosis (see introduction). We first demonstrated that calpain activity is
increased in cardiac myocytes in vitro following 8B infection, in a time course paralleling induction of
apoptosis. We then demonstrated that calpain inhibition resulted in reduction of calpain activity in
infected cells, and dramatic reductions in reovirus-induced injury, as well as apoptosis. Clinically
significant reduction in myocardial injury was documented by reduced serum CPK levels and improved
growth in treated mice.

It is likely that CX295 acted primarily by interfering with crucial signal transduction cascades
involving calpain, required for induction of apoptotic cell death. Additionally, it is possible that CX295
provided some portion of its effect by inhibiting viral growth at either the primary (hindlimb) or secondary
(heart) sites of replication, since viral titers were slightly lower in drug-treated animals compared to
controls. Slight reductions in viral titer do not seem a likely explanation for the majority of drug effect,
since in prior experiments involving reovirus-induced myocarditis, yield of virus at early and late times
post-infection did not correlate with the degree of myocardial injury (58). In addition, efficiently
myocarditic and poorly myocarditic reovirus strains replicate to similar titer in the heart; thus differences in
myocarditic potential do not simply reflect viral growth in the heart (57).

One must be cautious in attributing a role for calpain in disease pathogenesis, based solely on data
derived from calpain inhibition. Currently available calpain inhibitors suitable for in vivo use have weak,
but measurable inhibitory activity against other cysteine proteases. However, the inhibitor employed in our
experiments, CX295, is 500-900 fold more active against calpains than cathepsins (Ki for calpain = 0.027
—0.042 uM, versus Ki for cathepsin B = 24 uM) and failed to inhibit caspase activity in vitro, as described
in this paper. We believe that inhibition of calpain, rather than other cysteine proteases is the essential
element of CX295’s protective effect against 8B—induced myocardial apoptosis and injury.

It is not clear what constitutes the upstream and downstream components of a signaling cascade
within which calpain might fit, either during reovirus infection or in other systems where calpain is

involved. The mechanisms by which reovirus triggers increased cellular calpain activity are not known, but
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could include initiation of calcium fluxes following viral attachment, as demonstrated with rotavirus, a
closely related virus (16), upregulation of growth factors which facilitate calpain activation (38, 67), or
upregulation of endogenous calpain activator proteins which have been characterized in several cell types
(50). Calpain may play a physiologic role in the regulation of a variety of cellular transcription factors and
cell-cycle regulating factors implicated in apoptosis, including Jun, Fos, p53, cyclin D and NF-xB (3, 7,
74). We have recently shown that activation of NF-xB is required for reovirus-induced apoptosis (13),
suggesting the possibility that calpain inhibition may act to modulate NF-xB-induced signal transduction.
Calpains may also modulate cell death by cleaving Bax, a pro-apoptotic protein located in the cytosol
(76). 1In addition, the caspase and calpain proteolytic cascades may interact. Caspases may play in role in
the regulation of calpain by cleavage of calpastatin, the endogenous inhibitor of calpain (44, 72, 77).
Reflexively, calpain may be involved in the proteolytic activation of some caspases (48).

Potential therapeutic efficacy of calpain inhibitors. In conclusion, our data suggest that
reoviral-induced myocarditis occurs by direct viral induction of apoptotic cell death, and that injury can be
markedly reduced with the use of a calpain inhibitor. To our knowledge, this is the first successful
demonstration of the use of calpain inhibition in vivo to ameliorate myocarditis in particular and viral-
induced disease in general. However, future experiments are needed to determine whether calpain
inhibition remains effective when administered after the onset of viral infection. Our results demonstrate

the utility of apoptosis inhibition as a strategy for protection against viral infection.
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FIGURE LEGENDS

Figure 1: Consecutive cardiac midsections from mock-infected (a, c, €) compared to reovirus 8B-
‘infected neonatal mice (b, d, f) 7 days after left hind limb inoculation with 1000 pfu strain 8B
reovirus or mock-inoculation. Hematoxylin-and eosin-stained tissue reveals marked disruption of
myocardial architecture in the 8B-infected heart (b), compared to the mock-infected animal (a) (25X).
Despite the degree of injury, there is minimal inflammatory cell infiltrate. The degree of cellularity seen in
both mock-infected and infected hearts is normal for neonatal mice. In situ detection of DNA nick ends by
TUNEL revealed positive staining nuclei in the same region of injured 8B-infected heart (d), which is
absent in the mock-infected animal (c) (25X). Immunohistochemistry with anti-T3 Dearing reoviral
antibody reveals the presence of viral antigen in the areas of myocardial injury in the 8B-infected mouse

(f), absent in the mock-infected animal (e) (25X).

Figure 2: DNA laddering in 8B-infected neonatal mice hearts. DNA was extracted from Reovirus 8B-
infected and mock-infected hearts and detected by end-labeling analysis. DNA from the heart of a
representative 8B-infected mouse (lane 2) is fragmented into oligonucleosomal length pieces. These
fragments result from internucleosomal DNA cleavage, a hallmark of apoptosis. (Arrows indicate DNA
fragments, ranging in length from 200 — 1000 base pairs). Fragmentation is absent in the mock —infected

animal (lane 1).

Figure 3: Calpain activity in reovirus infected primary cardiac myocyte culture. (a) Activity was
measured by monitoring proteolysis of spectrin (280kD), a preferred calpain substrate, to its calpain-
specific breakdown products (150/145 kD doublet) by immunoblot assay. Lysates of 8B-infected
cardiomyocytes (MOI 20) were prepared at 24, 48, and 72 hours post-infection and compared to lysates of
mock-infected cells at 48 hours post-infection (all conditions performed in duplicate). Compared to mock-
infection, 8B-infected mice had increased calpain activity (150/145 kD doublet) beginning at 24 hours post-
infection, which was markedly increased at 48 hours post-infection, and still present, but decreasing at 72

hours post-infection. No change was detectable in the intact (280 kD) spectrin band following infection.
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{b) Densitometric analysis of calpain specific spectrin breakdown products (150/145 doublet) reveals a

peak four-fold increase in calpain activity following infection with 8B reovirus.

Figure 4: Efficacy and specificity of calpain inhibitor CX295. The effect of calpain inhibitor CX295 on
purified calpain (a), caspase-3 (b), and caspase-! (c) activity were evaluated using a fluorogenic substrate
assay, in which SLY-AMC, DEVD-AMC, and YVAD-AMC, respectively, served as substrates. Activities
are expressed as purified calpain or caspase activity per minute, per pmole or pmole of substrate. 100 uM
CX295 significantly inhibited calpain activity *p<0.0001 (a), but had minimal effect on caspase-3 or
caspase-1 activity. z-D-DCB, a pan-caspase inhibitor, was used as a control. Z-D-DCB had no effect on
calpain activity, but nearly completely inhibited caspase-3 and 1 activities (b, ¢). CX295 also effectively
inhibited calpain activity in 8B-infected cardiomyocytes in vitro. (Figure 4d and 4e). Calpain activity
(measured by densitometric analysis of 150/145 calpain-specific fodrin degradation product) increased by
2.4 fold in 8B-infected compared to mock-infected cardiomyocytes. Calpain activity was significantly
reduced in CX295 treated, 8B-infected cells compared to infected, untreated cells (p=0.04). (The 150/145

kD doublet appears as a single large band due to the gel conditions).

Figure 5: Cardiac midsections from Reovirus 8B-infected neonatal mice treated with calpain
inhibitor CX295 (b, d, f, h) compared to inactive diluent control (a, c, e, g) 7 days following
intramuscular inoculation with 1000 pfu reovirus 8B. Hematoxylin- and eosin-stained sections at 25X
reveal extensive focal areas of myocardial injury (arrows) in the control animal (a), which is absent in the
CX295-treated animal, (b) despite identical viral infection. Views at 50X demonstrate minimal
inflammatory cell infiltrate in the affected area (c), but myocardial architecture is dramatically disrupted,
compared to CX295 treated mouse (d). At 100 X power, nuclei with apoptotic morphology are easily seen
in the control animal (e), including cells with condensed and pyknotic nuclei (long arrow) as well as
apoptotic bodies (shorter arrows). These findings are absent in the drug treated mouse (f). TUNEL
analysis of the control animal reveals extensive areas of positive staining cells in the same regions of injury

(g), whereas, there are no TUNEL positive areas noted in the drug-treated mouse (h).
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Figure 6: Reduction in myocardial injury score. Myocardial injury of 8B-infected animals quantified

by blindly scoring hematoxylin- and eosin-stained midcardiac sections of drug-treated and control (inactive
diluent treated) animals by light microscopy. At least 6 sections per heart were scored from 20-23 animals
in each group. A highly significant reduction in myocardial injury score was noted in drug-treated animals:

Mean lesion score 3.0 £ 0.1 (range 2-4) for controls, compared to 0.6 + 0.1 (range 0-1.5) for CX295-

treated animals, *p<0.0001.

Figure 7: Reduction in Serum Creatine Phosphokinase (CPK). CPK was measured as a marker of
myocardial damage in 8B-infected animals treated with CX295, and compared to control (inactive diluent-
treated) infected animals, as well as age-matched uninfected controls. There was a significant reduction in

serum CPK toward normal in CX295-treated infected mice compared to infected control animals, p<0.05.

Figure 8: Tissue-specific viral titers. Titers were measured by plaque assay at 7 days post-infection from
homogenates of limbs (site of primary replication) and hearts (site of secondary replication) of 8B-infected
mice. A slight reduction in peak viral titers was seen in the CX295-treated group. Both CX295-treated and

control animals showed > 3 logs |o of viral replication over the input inoculum (10* pfu/mouse).

Figure 9: Growth of infected mice. Growth, as measured by weight gain, was assessed in 8B-infected
mice treated with CX295 and inactive diluent (control). Improved growth was noted in infected, CX295-
treated animals at 7 days post-infection compared to infected controls (*p = 0.008). Weights of infected,

treated animals were not significantly different from uninfected, age matched controls.
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Abstract
Apoptosis induction or its inhibition play an important role in the pathogenesis of many
viral infections. Apoptotic cell death can be triggered by death receptor activation,
mitochondrial insult, or stress within the endoplasmic reticulum or Golgi. Virtually all
apoptotic pathways described to date involve the sequential activation of a family of
cysteine proteases known as caspases. Delivery of an apoptotic stimulus to the cell
triggers the autocatalytic activation of initiator caspases, which subsequently induce the
activation of effector caspases. We have recently shown that reovirus-induced apoptosis
involves the DR4/DR5/TRAIL cell death receptor system. We now demonstrate that
reovirus infection of HEK293 cells results in the activation of the effector caspase,
caspase-3, as demonstrated by fluorogenic substrate assay and western blot analysis.
Inhibition of caspase-3 activation reduces reovirus-induced apoptosis. Because a number
of initiator caspases can activate caspase-3, we next analyzed the initiator caspases
involved in caspase-3 activation. Western blot analysis and synthetic peptide inhibitor
data revealed that caspase-8 is activated and involved in caspase-3 activation. Reovirus
infection also induces the release of cytochrome ¢ from the mitochondria, leading to the
activation of caspase-9. Inhibition of either caspase-8 or caspase-9 inhibits caspase-3
activation and reovirus-induced apoptosis. These results show that reovirus-induced
apoptosis involves the activation of both death receptor-associated and mitochondrial

pathways of cell death.




Introduction

Apoptosis is a particular type of cell death that is characterized by distinctive changes
in cellular morphology including cell shrinkage, zeiosis, nuclear condensation, chromatin
margination and subsequent degradation that are associated with inter-nucleosomal DNA
fragmentation. Apoptosis may be initiated by a wide variety of cellular insults including
death receptor stimulation, y-radiation, and cytotoxic compounds. Induction or inhibition
of apoptosis is an important feature of many types of viral infection both in vitro and in
Vivo.

Mammalian reoviruses are capable of inducing apoptosis in cultured cells iz vitro (19,
22, 28) as well as in organs in vivo including the central nervous system (CNS) and heart
(19, 20, DeBiasi et al, submitted for publication). In vivo there is an excellent correlation
between the distribution of reovirus antigen, apoptotic cell death, and areas of tissue
injury, suggesting that apoptosis plays an important role in reovirus pathogenesis (19,
DeBiasi et al, submitted for publication). This is supported by recent evidence showing
that inhibition of apoptosis reduces tissue injury in vivo (DeBiasi et al, submitted for
publication).

Differences in the capacity of reovirus strains to induce apoptosis are determined by the
viral S1 gene (28). The S1 gene is bicistronic, encoding two non-homologous proteins
(o1, ols) from over-lapping but out of sequence reading frames. The 61 protein appears
to be the primary determinant of apoptosis, whereas c1s is involved on reovirus-induced
perturbations in cell cycle regulation (Poggioli et al, in press). Reovirus-induced
apoptosis does not require replication (22), but is dependent upon the activation of the

cellular transcription factor NFkB (9) and is associated with the activation of calpains




(10). Apoptosis involves the tumor necrosis factor (TNF) superfamily of cell surface
death receptors, specifically DR4, DR5 and their ligand, TNF-related apoptosis-inducing
ligand (TRAIL) (6), and can be inhibited by anti-TRAIL antibodies or soluble forms of
DR4 or DR5 which inhibit interaction of TRAIL with DR4 and DRS5 (6).

Virtually all apoptotic pathways described to date involve a family of cysteine proteases
known as the caspases. Delivery of an apoptotic stimulus to the cell triggers the initial
activation through autocatalytic mechanisms of initiator caspases, which subsequently
induce the activation of a cascade of effector caspases. These caspases are responsible
for triggering the morphological changes characteristic of apoptotic cell death. Induction
of apoptosis by different types of stimuli activates different initiator caspases.
Stimulation of death receptors leads to the activation of caspase-8 and caspase-10
(reviewed in 1). A second pathway, requiring the release of cytochrome ¢ from the
mitochondria, leads to the activation of caspase-9 (16, 31). Similarly, recent evidence
has shown that endoplasmic reticulum (ER) or Golgi complex “stress” leads to the
activation respectively of caspase-12 or caspase-2 (17, 18).

Little is known about the exact nature of the apoptotic pathways triggered during viral
infection. Different viruses may utilize different apoptotic pathways. For example, some
viruses including reovirus, HIV, avian leukosis viruses, Measles virus, and Influenza
virus may directly or indirectly induce apoptosis through death receptor-associated
pathways (4, 9, 11, 25, 29), whereas others may activate the mitochondrial-dependent
pathway (14). In addition, it has recently been shown that accumulation of increased
quantities of viral proteins within the ER can trigger ER-related “stress” responses

including alterations in transcriptional factors and ER-resident kinases, although there is




still no direct evidence that the ER or Golgi pathways are involved in virus-induced
apoptosis.

Reovirus-induced apoptosis has been shown to involve the death receptors DR4 and
DR5 and their ligand TRAIL (6). Additionally, reovirus-induced apoptosis is inhibited in
a cell line expressing a dominant negative form of fhe Fas-associated death domain
adaptor protein (FADD-DN) or in cells treated with a caspase-8 specific inhibitor,
suggesting that both of these molecules are involved in the apoptotic pathway (6). We
have previously shown that over-expression of bcl-2 can inhibit reovirus-induced
apoptosis (22). Bcl-2 may act by inhibiting the release of cytochrome ¢ from the
mitochondria, suggesting a potential role for the mitochondrial pathway of apoptosis
induction. Finally, recent studies have suggested that rotaviruses, members of the family
Reoviridae, may activate NF-kB through ER stress related pathways, suggesting that ER
or Golgi stress may also lead to caspase activation following infection.

In this paper we describe the nature of caspase cascade activation following reovirus
infection. We now show that caspase-8, caspase-9, and caspase-3 are all activated and
necessary for reovirus-induced apoptosis. Additionally, GADD-153/CHOP, a
transcription factor involved in activation of ER stress pathways (12, 21), is up regulated

in reovirus-infected cells.

Materials and Methods
Reagents
Anti-cytochrome ¢ (7H8.2C12), anti-PARP (C2-10), anti-caspase-3, anti-caspase-6 (B93-

4), anti-caspase-7 (B94-1), anti-caspase-8 (B9-2), anti-caspase-9, and anti-caspase-10




antibodies were purchased from Pharmingen (San Diego, California). Anti-actin
antibodies (JLA20) were from Calbiochem (Darmstadt, Germany). Anti-human
cytochrome ¢ oxidase (subunit IT) antibodies (12C4-F12) were from Molecular Probes
(Eugene, Oregon). Anti-Fas antibody (CH-11) was from Upstate Biotechnology (Lake
Placid, New York). Caspase synthetic peptide inhibitors used were DEVD-CHO
(Clontech, Palo Alto, California), Z-IETD-FMK [Z-Ile-Glu(OMe)-Thr-Asp(OMe)-
CH,F], and Z-LEHD-FMK [Z-Leu-Glu(OMe)-His-Asp(OMe)-CH,F] (Calbiochem,
Darmstadt, Germany). ApoAlert caspase-3 fluorometric assay kit was purchased from
Clontech (Palo Alto, California).

Cells, Virus, and DNA Constructs

HEK293 cells (ATCC CRL1573) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 100 U/ml each of penicillin and streptomycin and
containing 10% fetal bovine serum. Jurkat cells were a gift of Dr. John Cohen and were
grown in RPMI supplemented with 100U/ml each of penicillin and streptomycin and
containing 10% fetal bovine serum. FADD-DN cells express amino acids 80-208 of the
FADD cDNA (with the addition of an AU1 epitope tag at the N-terminus) from the CMV
promoter of pcDNA3 (Invitrogen, Calsbad, California). Generation of stable
transfectants was done using LipofectAmine Reagent (Life Technologies, Gaithersburg,
Maryland). Reovirus (Type 3 Abney, T3A) is a laboratory stock, which has been plaque
purified and passaged (twice) in 1929 cells (ATCC CCL1) to generate working stocks

(27). All experiments were performed using an M.O.1. of 100.




Western Blot Analysis

At the indicated time points following reovirus infection cells were harvested and
pelleted by centrifugation, washed with ice-cold phosphate-buffered saline, and lysed by
sonication in 150 pl of buffer containing 1% NP40, 0.15 M NaCl, 5.0 mM EDTA, 0.01
M Tris (pH 8.0), 1.0 mM PMSF, 0.02 mg/m! leupeptin, and 0.02 mg/ml trypsin inhibitor.
Lysates were cleared by centrifugation at 20,000 g for 2 min, mixed 1:1 with SDS sample
buffer, boiled for 5 min, and stored at —70°C. Mitochondrial-free extracts were prepared
by pelleting cells, washing twice in ice-cold PBS, and incubated on ice for 30 min in
buffer containing 220 mM mannitol, 68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50
mM KCI, 5 mM EGTA, 2 mM MgCl,, 1 mM DTT, and protease inhibitors (complete
cocktail, Boehringer Mannheim, Indianapolis, Indiana). Cells were lysed using 40
strokes in a Dounce homogenizer (B pestle). Lysates were centrifuged at 14,000 g for 15
min at 4°C to remove debris. Supernatants and mitochondrial pellets were prepared for
electrophoresis as above. Proteins were separated by SDS-PAGE electrophoresis and
transferred to Hybond-c extra nitrocellulose membrane (Amersham, Buckinghamshire,
England) for immunobloting. Blots were probed with anti-cytochrome c antibodies
(1:2000), anti-cytochrome c oxidase (subunit IT) antibodies (1:1000), anti-caspase-3
antibodies (1:2000), anti-caspase-6 antibodies (1:3000), anti-caspase-7 antibodies
(1:3000), anti-caspase-8 antibodies (1:3000), anti-caspase-9 antibodies (1:2000), anti-
PARP antibodies (1:3000), and anti-actin antibodies (1:5000). Proteins were visualized
using the ECL detection system (Amersham, Buckinghamshire, England). Densitometric
analysis was performed using a FluorS Multilmager system and Quantity One software

(Bio-Rad, Hercules, California).




Caspase 3 Activation Assays

Caspase 3 activation assays were performed using a kit obtained from Clontech (Palo
Alto, California). Experiments were performed using 1 x 108 cells/ time point. Cells
were centrifuged at 200 g, supernatants were removed, and the cell pellets were frozen at
~70°C until all the time points were collected. Assays were performed in 96-well plates
and analyzed using a fluorescent plate reader (CytoFluor 4000, PerSeptive Biosystems,
Framingham, Massachusettes). Cleavage of DEVD-AFC, a synthetic caspase-3
substrate, was used to determine if caspase-3 is activated in reovirus-infected HEK293
cells. Cleavage after the second Asp residue produces free AFC that can be detected
using a fluorescent plate reader. Therefore, the amount of fluorescence detected is
directly proportional to amount of caspase-3 activity. Because all of the fluorogenic
substrate assay experiments were performed at the same time, both the mock and
reovirus-induced caspase-3 activation profiles are the same in all of these experiments
and are included in each figure for ease of comparison. Results of all experiments are
reported as means + SEM. Means were compared using parametric two-tailed t-tests
(Graph Pad, Prism) and differences were considered significant if p values were < 0.05.
Apoptosis Assays

48 hours after infection with reovirus cells were harvested and stained with acridine
orange, for determination of nuclear morphology, and ethidium bromide, to distinguish
cell viability, at a final concentration of 1 pg/ml each (8). Following staining, cells were
examined by epifluorescence microscopy (Nikon Labophot-2: B-2A filter, excitation,
450-490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells

containing condensed nuclei and/or marginated chromatin in a population of 100 cells




was recorded. The specificity of this assay has been previously established in reovirus-
infected cells using DNA laddering techniques and electron microscopy (28). Statistical

analysis was performed as described above.

Results

Reovirus infection is associated with activation of caspase-3. Caspases have been
shown to be critical for the execution of virtually all known apoptotic pathways, although
the pattern(s) of caspase activation vary for different types of apoptotic stimuli (reviewed
in 3, 7, 26). We began by examining the activation state of caspase-3, an important
effector caspase that forms part of the final common pathway for death receptor,
mitochondrial, and ER/Golgi apoptotic pathways. Caspase-3 activation was evaluated
using fluorogenic substrate assays, analysis of the activation associated cleavage of
caspase-3, and the cleavage of the caspase-3 substrate poly (ADP-ribose) polymerase
(PARP). In fluorogenic substrate assays, caspase-3 activation could be detected at 12
hours post-infection, peaking at approximately 18 hr post-infection with a 1.6 fold
induction compared to mock-infected cells (Fig. 1A). Caspase-3 activation is blocked by
pretreatment for 1 hr prior to infection with DEVD-CHO (25 uM), a synthetic peptide
inhibitor of caspase-3 (Fig. 1A). We next examined the activation of caspase-3 using
western blot analysis. Activation of caspase-3 is associated with the appearance of
specific cleavage products at 20 kD and 17 kD. As shown in Fig. 1B and 1C, these
fragments appear beginning at ~12 hrs post-infection in reovirus infected cells, but not in

the mock infected controls. In addition, cleavage of an early caspase-3 substrate, PARP,




to an 85 kD inactive fragment is seen in reovirus-infected but not mock-infected cells,
with cleavage first detectable at ~14 hr post-infection (Fig. 1D and 1E).

Having shown that caspase-3 is activated using three different assay systems beginning
at approximately 12-14 hr post infection, we wanted to determine if this activation is
necessary for reovirus-induced apoptosis. The percentage of apoptosis induced by
reovirus was examined at 48 hr post-infection. Apoptosis was reduced by pretreatment
for 1 hr with DEVD-CHO (50 uM) by ~ 47% (Fig. 2). Because there are other caspases
that act at the level of caspase-3, we also looked at the activation state of two other
effector caspases, caspase-6 and caspase-7. Western blot analysis provided evidence
indicating that neither of these caspases was activated following reovirus infection (data
not shown). These results indicate that specific activation of the effector caspase,
caspase-3, plays an important role in reovirus-induced apoptosis. A number of apoptotic
pathways lead to the activation of caspase-3. Therefore, we next wanted to examine the
initiator caspase(s) that are responsible for the activation of caspase-3.

Caspase-8 activation is required for caspase-3 activation. Recent evidence from our
laboratory has shown that reovirus-induced apoptosis involves the death receptors DR4
and DR5 and their cognate ligand TRAIL (6). Apoptosis initiated via TNF receptor
superfamily cell death receptors involve the adaptor molecule FADD and subsequent
activation of caspases, starting the initiator caspase, caspase-8 (13, 30, 2, 5, 15, 23). We
have shown that apoptosis is inhibited in HEK293 cells expressing dominant-negative
FADD (FADD-DN) or cells treated with a synthetic peptide inhibitor of caspase-8 (6).
We looked for direct evidence of activation of caspase-8 using western blot analysis. As

shown in Fig. 3A and 3B, reovirus infection induces the activation of caspase-8 as
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evidenced by the disappearance of the full-length proenzyme (seen as a 55/54 kD
doublet). Densitometric analysis showed that the proenzyme form of caspase-8 was
reduced by greater than 50% at 12 hr post infection (data not shown). In order to
determine whether caspase-3 activation was dependent on activation of caspase-8, we
examined caspase-3 activity in cells pretreated a synthetic peptide inhibitor of caspase-8
(Z-IETD-FMK), and in cells expressing FADD-DN. HEK293 cells were incubated with
the Z-IETD-FMK (25 uM) for 1 hr prior to infection and cells were harvested at the
indicated time points following infection. The caspase-8-specific inhibitor abrogated
caspase-3 activation (Fig. 4). Cells expressing FADD-DN infected with reovirus also
display reduced caspase-3 activation (Fig. 4). These results indicate that reovirus-
induced activation of caspase-3 is dependent, at least in part, on the activity of caspase-8.
Reovirus infection is associated with release of mitochondrial cytochrome ¢ and
activation of caspase-9. Caspase-9 is an initiator caspase, involved in both the
activation of effector caspases but also in the activation of caspase-8 (24). Activation of
caspase-9 requires the release of cytochrome ¢, a mitochondrial intermembrane space
protein, into the cytosol. Cytosolic cytochrome ¢, Apaf-1, and JATP/ATP form a
complex with procaspase-9, leading to its activation (16). We examined the cellular
localization of the mitochondrial protein cytochrome ¢ in reovirus-infected cells.
Mitochondria-free lysates were prepared from both mock- and reovirus-infected cells at
the indicated time points and analyzed by western blot for the presence of cytosolic
cytochrome c. Additionally, blots were probed with antisera directed against the
mitochondrial integral membrane protein cytochrome c oxidase (subunit II) to

demonstrate the lack of mitochondrial contamination of the samples. Cytosolic
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cytochrome c is detected only in reovirus-infected cells at ~ 6 hr post-infection (Fig. 5).
Having shown that cytochrome ¢ was released from mitochondria in reovirus-infected
cells, we next wished to determine whether this was associated with the activation of
caspase-9. Activation of caspase-9 involves the cleavage of the 46 kD pro-enzyme and
the appearance of a 37 kD large subunit of the active enzyme. The 37 kD fragment
appears only in reovirus-infected cells, with the fragment being first detectable at ~10 hr
(Fig. 6A and 6B). We then performed caspase-3 assays to determine if caspase-9
activation plays a role in the activation of caspase-3. Cells were pre-incubated for 1 hr
with a synthetic peptide inhibitor of caspase-9 (Z-LEHD-FMK, 25 pM), prior to infection
with reovirus. As shown in Fig. 7, pre-treatment with Z-LEHD-FMK abro gateé caspase-
3 activation. These results indicate that in addition to caspase-8, caspase-9 activation is a
prerequisite for caspase-3 activation.

Having shown that caspase-9 activation is necessary for caspase-3 activation
following reovirus infection, we wanted to determine the consequence of inhibition of
caspase-9 on reovirus-induced apoptosis. Apoptosis was reduced by ~ 49% following

pretreatment of HEK 293 cells for 1 hr with Z-LEHD-FMK (50 pM) (Fig. 8).

Discussion
Understanding the mechanisms of virus-induced apoptosis may provide insights into
how viral infections lead to disease. Mammalian reoviruses induce apoptosis in several
cell lines in vitro (19, 22, 28) as well as in a number of target tissues in vivo (19, 20).
Previous results from our lab indicate that reovirus sensitizes cells to TRAIL, the ligand

of the death receptors DR4 and DRS, and that this is at least one mechanism responsible

11




for reovirus-induced apoptosis (6). Additionally, this process requires the activation of

NFkB (9) and is inhibited in a cell line expressing FADD-DN (6).

In the present study we examine the caspases that are responsible for executing the
apoptotic program following reovirus infection. We used multiple experimental
approaches to show that the effector caspase, caspase-3 is activated starting at ~12-14 hrs
post infection and peaking at ~18 hr post infection. Inhibition of caspase-3 activation
reduces reovirus-induced apoptosis. We were unable to detect activation of other effector
caspases. These results implicate caspase-3 as the primary effector of the reovirus-
induced apoptotic program.

We next investigated the activation of initiator caspases in order to determine those that
contribute to caspase-3 activation. Previous results showed that inhibition of caspase-8
inhibited reovirus-induced apoptosis (6). In this study we found that caspase-8 was
activated at ~10 hr post infection and that caspase-8 activation was inhibited in a cell line
expressing FADD-DN. Cleavage of PARP was also inhibited in a FADD-DN expressing
cell line (data not shown). This result indicates that caspase-3 activation is dependent, at
least in part, on caspase-8 activation. To confirm this we treated cells with a caspase-8
specific synthetic peptide inhibitor prior to reovirus infection and examined the effect on
caspase-3 activation. We found that caspase-3 activity was abrogated in cells treated
with Z-IETD-FMK, again suggesting that caspase-8 activation is a prerequisite for
caspase-3 activation.

Our lab had shown previously that over-expression of the anti-apoptotic protein Bcl-2
inhibited reovirus-induced apoptosis in MDCK cells (27). Bcl-2 has been shown to

inhibit cytochrome c release from the mitochondria, a required step in the activation of
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caspase-9. We therefore looked at the activation of caspase-9 using western blot
analysis. Caspase-9 is activated at ~10 hr post infection. Moreover, we detected
cytochrome ¢ release from the mitochondria beginning between 6-12 hr post infection.
Pre-treating cells with Z-LEHD-FMK, a caspase-9 synthetic peptide inhibitor, reduced
reovirus induced apoptosis by ~40%. Finally, caspase-3 activity was reduced in cells
pre-treated with Z-LEHD-FMK. These results indicate that like caspase-8, caspase-9
activity is necessary for caspase-3 activation and reovirus-induced apoptosis.

The data described here suggest two possible pathways for caspase activation following
reovirus infection. In the first cascade, analogous to the Fas/FasL death receptor
pathway, caspase-8 is activated through interaction with FADD and the death receptors
DR4 and DRS. Activated caspase-8 mediates cytochrome c release from the
mitochondria, perhaps through cleavage and activation of pro-apoptotic Bcl-2 protein
family members such as Bid, leading to the activation of caspase-9. Caspase-9 then acts
as the primary activator of the effector caspase, caspase-3. This pathway best explains
the caspase-3 fluorogenic substrate assay data showing that inhibition of either caspase-8
or caspase-9 abrogates caspase-3 activation, suggesting a linear caspase activation
cascade.

A second mechanism for caspase activation is that cytochrome c release and caspase-9
activation occur through stimulus initiated following reovirus infection but separate from
the activation of caspase-8. In this model, both caspase-8 and caspase-9 would both act
to activate caspase-3, and might act to amplify the activation of each other. This model is
consistent with our AO staining data indicating that neither inhibition of caspase-8 nor of

caspase-9 completely abrogated reovirus-induced apoptosis, suggesting that they may not
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be acting in a linear pathway. In this model reovirus infection would lead to the

simultaneous activation of multiple apoptotic pathways.
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Figure Legends

Fig. 1. Reovirus infection leads to activation of caspase-3. HEK 293 cells were mock
infected, reovirus infected (T3A, M.O.L. 100), or pretreated with DEVD-CHO (25 uM)
prior to reovirus infection (T3A, M.O.L. 100) and caspase-3 activation was determined by
fluorgenic substrate assay. Assays were performed in triﬁlicate. Error bars represent
standard error of the mean. Fluorescence is expressed as arbitrary units. * Caspase-3
activity was significantly induced in reovirus-infected cells (p<0.001) (A). Western blot
analysis was performed using HEK 293 lysates harvested at the indicated time points and
probed with anti-caspase-3 antibodies (B and C, mock and reovirus infected,
respectively) or anti-PARP antibodies (D and E, mock and reovirus infected,
respectively).

Fig. 2. Reovirus-induced apoptosis involves caspase-3. HEK 293 cells were mock
infected, reovirus infected (T3A, M.O.1. 100), or pretreated with the caspase-3 inhibitor
DEVD-CHO (50 uM) for 1 hr prior to reovirus infection (T3A, M.O.L. 100). The graph
shows mean percentage of apoptotic nuclei at 48 hr post infection. Error bars represent
standard error of the mean. * The percentage of apoptotic cells was significantly reduced
in DEVD-CHO treated cells (p=0.002).

Fig. 3. Reovirus infection leads to activation of caspase-8. HEK 293 lysates were
prepared at the indicated times points from mock infected (A) or reovirus infected (B)

cells and probed with anti-caspase-8 antibodies and anti-actin antibodies. Control lanes
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represent lysates prepared from Jurkat cells untreated (-) or treated (+) with anti-Fas
antibody and harvested at 8 hr post treatment.

Fig. 4. Caspase-8 is involved in caspase-3 activation. HEK 293 cells were mock
infected, reovirus infected (T3A, M.O.L. 100), or pretreated with the caspase-8 inhibitor
Z-IETD-FMK (25 uM) for 1 hr prior to reovirus infection (T3A, M.O.1. 100).
Additionally, HEK 293 cells transfected with FADD-DN were reovirus infected (T3A,
M.O.IL 100) and caspase-3 activation was determined by fluorgenic substrate assay.
Assays were performed in triplicate. Error bars represent standard error of the mean.
Fluorescence is expressed as arbitrary units. * Caspase-3 activity was significantly
reduced in FADD-DN expressing cells (p<0.001).

Fig. 5. Cytochrome c is present in the cytosol of reovirus-infected cells. Cell lysates
were prepared from mock-infected or reovirus-infected (T3A, M.O.L. 100) HEK 293 cells
at the indicated time points as described (see Materials and Methods) and resolved using
SDS-PAGE. Western blot analysis was performed using anti-cytochrome ¢ antibodies
and anti-cytochrome c oxidase (subunit II).

Fig. 6. Caspase-9 is activated in reovirus-infected cells. HEK 293 cell lysates were
prepared from mock (A) or reovirus-infected (B) cells at the indicated time points and
resolved by SDS-PAGE. Western blot analysis was performed using anti-caspase-9
antibodies.

Fig. 7. Caspase-9 is involved in caspase-3 activation. HEK 293 cells were mock
infected, reovirus infected (T3A, M.O.1. 100), or pretreated with the caspase-9 inhibitor
Z-LEHD-FMK (25 uM) for 1 hr prior to reovirus infection (T3A, M.O.I. 100). Caspase-

3 activation was determined by fluorgenic substrate assay. Assays were performed in
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triplicate. Error bars represent standard error of the mean. Fluorescence is expressed as
arbitrary units.

Fig. 8. Reovirus-induced apoptosis involves caspase-9. HEK 293 cells were mock
infected, reovirus infected (T3A, M.O.I. 100), or pretreated with Z-LEHD.FMK (50 uM)
for 1 hr prior to reovirus infection (T3 A, M.O.I. 100). The graph shows mean percentage
of apoptotic nuclei at 48 hr post infection. Error bars represent standard error of the
mean. * The percentage of apoptotic cells was significantly reduced in Z-LEHD-FMK

treated cells (p=0.001).
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